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INTRODUCTION 
To anyone from a semi-arid or arid climate, the state-name Iowa 
evokes visions of verdant fields of com, soybeans, and alfalfa, dotted 
liberally with immaculate white farm buildings. Most often, that's how 
Iowa looks. But although Iowa's annual average precipitation ranges 
from 711 mm in the northwestern sector to more than 1,000 mm in 
the southeastern sector, there are times when changing weather 
patterns bring periods of drought to the state. 
Irrigation is not practiced as a rule in Iowa because of the 
lack of suitable irrigation water sources and the marginality of 
investment returns on irrigation equipment, so growers are dependent 
upon timely rainfall during the cropping season to replenish depleted 
soil moisture. When rainfall is not timely, growers must make many 
management decisions that will forestall a financial loss. 
In such situations, it could be extremely helpful to be able to 
make a final yield prediction in order to make rational, well-informed 
management choices. Yield prediction of drought-stressed crops can be 
important to agricultural personnel in three ways: 
First, by having an accurate prediction of final yield, a grower 
can couple the yield prediction with projected market prices and decide 
whether it is financially advantageous to continue field operations and 
harvest plans, or abandon the crop. 
Another application of yield prediction is to allow growers who 
use grain or forages in livestock operations to buy early at lower 
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prices to make up the expected shortfall in feedstuffs. Growers could 
also use the commodity markets to better advantage with knowledge of 
probable final yield. 
On a larger scale, the nation's import-export ratio of 
agricultural commodities could be affected by accurate large-scale 
prediction of yield. The effect of knowing probable final yields would 
cause a ripple effect through the grain markets, the livestock 
industry, and affect large scale (i.e., government) decisions. 
Yield estimation is already practiced on a large-scale basis by 
government agency predictions of final crop yield, and may be 
obtained by remote sensing techniques in the future. Under development 
are many ways of using remote sensing, including satellite data 
and ground-based remote sensing techniques. 
Of great current promise to the individual grower is the use of 
the infrared thermometer to assess crop-water status. The infrared 
thermometer measures the crop-canopy temperature, which is an 
indicator of plant-water status (Ehrler, 1973), and therefore 
potentially related to évapotranspiration (Stone and Horton, 1974), and 
final yield (Idso et al., 1977). 
With the aforementioned needs in mind, we designed an experiment 
that would allow us to develop relationships between vegetative yield 
of alfalfa and a stress index based on canopy temperature measurements, 
(Idso et al,, 1981a). The experiment was established in 1983 under the 
rain-out shelter at Iowa State University's Hinds Irrigation Farm, 
We used several irrigation treatments in both 1983 and 1984 to develop 
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varying degrees of water stress, and collected morphological data from 
the alfalfa as well as canopy temperature and other necessary 
meteorological data. From the resulting data, a relationship was 
established between vegetative alfalfa yield and the Crop Water Stress 
Index (Idso et al., 1981a). The following pages describe our effort 
and analyses in full detail. 
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LITERATURE REVIEW 
Canopy Temperature and Plant Water Potential 
To use canopy temperature as an Indicator of plant water status, it 
was necessary to show that a definite link existed between canopy or leaf 
temperature and an independent water status measurement. In this dis­
cussion a distinction must be made between canopy and leaf temperatures: 
leaf temperature refers to the temperature of a single leaf, while canopy 
temperature refers to the temperature of a plant canopy, which includes 
leaves, stems, flowering parts, and the cavities within the plant's 
architecture. Two major plant-water status measurements have been linked 
to canopy temperature: plant-water potential and stomatal, or leaf con­
ductance. Of the two, plant-water potential is probably the more 
definitive, and has been the most extensively used to quantify the link 
between canopy temperature and plant water status. 
Among the early reports of plant temperature and its relationship 
to plant-water status was the work of Tanner (1963). Until that time, 
there was no way to accurately and nondestructively measure canopy 
temperature. Development of infrared thermometry technology provided the 
necessary instrumentation for measurement of canopy temperature by remote 
sensing; that is, by non-destructive, non-contact methods utilizing the 
concept of thermal radiation and thermal emissivity. 
Tanner discussed how canopy temperatures could be warmer or cooler 
than air temperature. Canopy temperature changes were affected by 
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changes in transpiration, with a 10% decrease in transpiration from 
full-cover alfalfa causing an increase in canopy temperature of 1°C. 
This was reported for typical meteorological conditions. Another 
finding in Tanner's report was that well-watered plants treated with 
antitranspirants consistently showed higher temperatures than untreated 
well-watered plants. Abrupt increases in canopy temperature were 
thought to be related to sudden decreases in transpiration brought on 
by stomatal closure. On this basis, Tanner concluded that canopy 
temperature had the potential to be a qualitative indicator of plant-
water regime, as well as a means of increasing knowledge about plant 
boundary layer processes. 
A later publication by Gates (1964) showed how leaf temperature 
and transpiration were related to energy exchange at- the leaf surface. 
Gates showed the importance of transpirational cooling to the leaf by 
comparing calculated leaf temperatures with reradiation only, reradiation 
and convective cooling, and with transpiration. He concluded that 
without transpirational cooling, leaves in full sunlight could remain at 
non-lethal temperatures if there was some wind, or air temperature was 
not too high. Transpiration could reduce the effect of the radiation 
load on the leaf enough to maintain non-lethal temperatures for 
biochemical processes. Gates' work established a firmer link between 
plant-water status and leaf temperature. 
Wiegand and Namken (1966) investigated the effects of water 
stress, solar-radiation load, and air temperature on cotton-leaf 
temperatures. Using multiple regression analysis, they found that 
6 
cotton-leaf temperature was highly correlated with solar radiation, 
relative plant turgidity, and air temperature. Solar radiation 
influenced cotton-leaf temperature more strongly than relative 
turgidity, a measure of plant-water content. Linear regression of leaf 
temperature on solar radiation alone was highly correlated, as was the 
regression of leaf temperature on relative plant turgidity. Similar 
relationships for the canopy minus air temperature (Tc-Ta) differential 
were found. 
Two distinct points emerged from Wiegand and Namken's report: 
first, that leaf temperature was definitely correlated with relative 
plant turgidity, and second, that it was also highly dependent upon 
solar-radiation load. Their findings indicated that no one factor was 
responsible for the temperature of a leaf, and that interaction of 
several factors likely determined leaf temperature. Research efforts 
diversified further into two areas, and later into a third: the 
dependence of leaf or canopy temperature on plant-water status, 
dependence upon atmospheric factors, and finally, dependence on plant 
morphological characteristics. 
Despite the success of Wiegand and Namken (1966) in relating 
relative plant turgidity to leaf temperature, other quantitative 
methods of coupling the two parameters were slow in coming forth. 
After Scholander et al. (1965) developed the pressure bomb, however, 
there existed an excellent way to directly determine plant-water status 
in a more rigorous manner and relate it to leaf or canopy temperature. 
Subsequent research dealt with the relationship of plant-water 
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potential as measured by the pressure bomb to leaf or canopy 
temperature. 
Canopy temperature and plant water potential 
Ehrler et al. (1978) showed that canopy temperature responded 
to changes in plant-water potential. The relationship of Tc-Ta 
vs. plant-water potential showed a linear increase of Tc-Ta with 
decreasing plant-water potential down to -3000 kPa. Thereafter, the 
Tc-Ta differential changed very little with decreasing plant-water 
potential. They concluded that the Tc-Ta differential was a specific 
indicator of plant-water potential, and not solely determined by 
meteorological factors, which Wiegand and Namken (1966) had also 
concluded. 
Data shown by Hatfield (1981) exhibited linearity of Tc-Ta and 
leaf-water potential in grain sorghum from -500 kPa to -2900 kPa. 
This was close to the same range of water potential reported by Ehrler 
et al. (1978), lending support to their data. No non-linear portion of 
the relationship was reported by Hatfield. 
Other evidence supporting the relationship of canopy temperature 
and plant-water potential was offered by Carter and Sheaffer (1983b) 
who plotted diurnal data of plant-water potential and canopy 
temperature for high, medium, and low levels of soil-moisture 
treatments. Data for canopy temperature peaked between 1200 and 1400 
hours for all treatments, while plant-water potential reached a minimum 
at approximately the same times for each treatment, which established 
circumstantial evidence for a relationship between plant-water 
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potential and canopy temperature. 
Other researchers who established a direct relationship between 
leaf temperature (Tl) and plant-water potential were Sojka and Parsons 
(1983) . A linear relationship of plant-water potential on leaf 
temperature for soybeans showed an r-squared of 0.838 over the course 
of a day. The regression of plant-water potential on the Tl-Ta 
differential, however, showed more scatter in the data and an r-square 
of 0.67. The plant-water potential data ranged from -500 kPa to 
-2000 kPa. 
Hatfield (1983) regressed leaf-water potential on Tc-Ta for grain 
sorghum. The relationship had an r-square of 0.75 with leaf-water 
potential ranging from -500 kPa to -3000 kPa. 
It is evident that canopy or leaf temperatures are excellent 
indicators of plant-water staus. The most complete relationship was 
shown by Ehrler et al. (1978), who indicated that in addition to the 
linear portion of the curve, there seemed to be a lower threshold 
beyond which point plant-water potential does not change relative to 
increasing canopy temperature. The other literature cited also 
indicated a linear phase, and it was that linear portion of the curve 
which established the relationship so well. The extent of the linear 
phase of the curve was fairly consistent over the crops tested. 
Calculation of évapotranspiration from canopy temperature 
In order for canopy temperature to be accepted as an indicator of 
plant-water status, it was necessary to establish its relationship with 
a verified, at ,epted method of measuring plant-water status. The 
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research efforts in that direction were discussed in the previous 
section. The aspects of energy balance in a crop canopy should also be 
established for the Tc-Ta differential to have a legitimate 
theoretical basis. Canopy temperature and évapotranspiration (ET) are 
manifestations of meteorological, soil, and plant factors. Of 
importance to a discussion of ET and canopy temperature 
is the fact that transpiration acts as a cooling mechanism for plants 
(Gates, 1964). Therefore, a discussion of the relationship of 
ET and canopy temperature follows. 
Stone and Horton (1974) estimated ET using five equations: 
the van Bavel, Penman, energy budget-Bowen ratio, 
Bartholic-Namken-Wiegand, and Brown-Rosenberg methods. The latter two 
equations use evaporating surface temperatures in the equations. Stone 
and Horton concluded that both methods could be used to estimate ET, 
although the Bartholic equation underestimated ET as estimated by the 
Bowen-ratio method by 17% and the Brown-Rosenberg equation 
overestimated by 22%. The use of canopy temperature was considered 
advantageous because the canopy temperature methods did not require 
field-humidity measurements. They believed that the canopy 
temperature technique offered a promising method of estimating regional 
ET using airborne scanners, providing that air temperature could be 
measured at the desired location. 
Blad and Rosenberg (1976) evaluated two ET models using canopy 
temperature data. The Bowen Ratio Energy Balance model was used as 
a basis for comparison of resistance and mass-transport models. They 
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found good agreement between the Bowen Ratio standard and the mass-
transport model on cloudy and clear days. The resistance model of ET, 
or latent energy, also performed well, although both models tested 
tended to overestimate latent energy when the Bowen Ratio latent energy 
_ 2 flux was less than 209 W m" . The mass-transport equation used canopy 
temperature as a means of evaluating saturation-vapor pressure at the 
evaporating surface (the leaf), while the resistance model used the 
Tc-Ta differential in the energy-balance equation. 
The ET was estimated for wheat using net radiation and Tc-Ta 
(Jackson et al., 1977). The relationship of ET and Tc-Ta was linear, 
with a high degree of scatter at very negative Tc-Ta values. The 
dependence of ET on Tc-Ta was quantified in the equation 
ET - 0.48 - 0.064*(Tc-Ta). Lysimeter ET data were compared with 
calculated ET data for several methods of handling net radiation data. 
Calculations were based on the equation ET - Rn - 0.064*(Tc-Ta). 
The four plots had a good 1:1 correlation for calculated and measured 
ET, but the best agreement occured when measured net-radiation data 
for each plot was used in the equation. The Tc-Ta differential was 
related to VPD and net radiation in a theoretical manner by Jackson 
et al. (1981). The resulting energy balance equation was 
Tc-Ta - raRn/pÇp • yd+r^ /ra) /(A+Yd+rc/r^ )) -(e^  - 6%)/ (A+yd+Tc/ra)) 
where A was the slope of the saturated vapor pressure-temperature 
curve: A - (ec*-ea*/Tc-Ta). See List of Symbols (page xi) for 
symbol definitions. 
Jackson et al. (1981) showed how the ratio of actual to potential 
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ET was related to the energy-balance terms and stress index was given 
by the equation 
CWSI - 1-E/Ep - [yd+rc/rg) - y*] / [A+Y(l+rc/ra) ]. 
In a field study, Gardner et al. (1981a) showed ET as a function 
of the crop-water-stress indicator they called TSD. The TSD stress 
indicator was the accumulation of mid-day temperature differences 
of well-watered and stressed grain sorghum. The data had a negatively 
correlated linear relationship with an r-squared value of 0,60. 
Meteorological parameters and canopy temperature 
Meteorological parameters such as solar radiation, net radiation, 
wind, vapor pressure deficit (VPD), and air temperature influence 
canopy temperature. 
Carlson et al. (1972) observed that VPD and air temperature had 
the most effect on leaf temperature in two soybean cultivars. They 
suggested that VPD affected the ability of the leaf to cool by 
transpiring. At low VPD, the air near the leaf was more 
saturated, thus lessening the vapor pressure gradient between leaf and 
air, while a high VPD encouraged transpiration and promoted 
transpirational cooling. 
Ehrler (1973) found that atmospheric evaporative demand (the VPD) 
must be known in order to correctly interpret Tc-Ta data. His results 
showed leaf temperature of well-watered cotton varying in tandem with 
the pattern of diurnal VPD. This work coupled the Tc-Ta differential 
to the VPD, recognizing that transpiration rates, and therefore 
cooling, depended upon the evaporative demand, or VPD, of the 
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atmosphere. 
A major influence on leaf temperature is air temperature. 
Linacre (1964, 1967) maintained that there exists a constant 
"crossover" temperature: at air temperatures less than 33°C, leaf 
temperatures are warmer than air, and cooler than air when 
air temperatures exceed 33'C. Gates showed in his calculations 
that sunlit leaves are warmer than air, while shaded leaf 
temperatures are less than air temperatures. 
In a later review. Gates (1968) wrote that a constant crossover 
temperature, or equivalence point, must depend on many environmental 
factors, and not solely on air temperature. 
Clark and Hiler (1973) found that well-watered leaf temperatures 
were usually below air temperatures, while stressed leaves' 
temperatures were always warmer than those of well-watered crops. 
A different value for the equivalence point was found for alfalfa 
by Blad and Rosenberg (1976), who noted that the equivalence point(s) 
occurred between 22°C and 30®C. This evidence suggested that the 
equivalence point was not static, but dynamic, as pointed out by Idso 
et al. (1981b). They argued that the equivalence point must be a 
dynamic entity, and presented relationships of Tc-Ta vs. air 
temperature, Tc-Ta vs. VPD, and VPD and air temperature to illustrate 
their point. Their data were canopy temperature data, and not 
individual leaf data as were the others. Most revealing was the plot 
of Tc-Ta vs. air temperature, which showed data for three varying 
climates common in Phoenix, Arizona, during the year. If Tc-Ta - 0, 
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then Tc"Ta, which would indicate the equivalence point. None of the 
data points for the Tc-Ta:Ta plot even reached the point where Tc—Ta. 
All data points for Tc-Ta were negative. 
Two points were made about the influence of air temperature on 
leaf or canopy temperature by Jackson (1982) in a review of canopy 
temperature literature. The first was that leaf vs. canopy 
temperatures may not respond in the same manner, and the second was 
that many of the experiments were conducted in humid areas or in 
greenhouses, which are humid. The point is that the relationship of 
leaf temperature to air temperature does not always seem to carry over 
to canopy temperature all the time, or hold over different climates. 
Radiation also plays an important role in the determination of 
canopy temperature. Geiser et al. (1982) found that the Tc-Ta 
differential varied linearly and positively with net radiation. The 
relationships of Tc-Ta with net radiation for different levels of 
relative humidity showed equal slopes, but different intercepts. 
Idso (1982) showed that a plant-water-stress index based on canopy 
temperature had different slopes and intercepts of Tc-Ta vs. VPD under 
sunlit and shaded conditions, thus indicating that the Tc-Ta vs. VPD 
relationship is sensitive to radiation levels. 
Idso et al. (1980) normalized grain yield of wheat over two 
locations by using solar radiation summed over the same period as 
stress degree days. The inconsistencies in the data collected over the 
two locations indicated that a pre-heading factor of solar radiation 
must be used, as the pre-heading portion of the life cycle determined 
14 
the yield potential of the crop. Wind also plays an important role in 
the determination of canopy temperature. O'Toole and Hatfield (1983) 
found that a crop-water-stress index based on the Tc-Ta vs. VPD 
relationship was sensitive to wind. Com and sorghum, because of their 
aerodynamic roughness, showed greater response in their respective 
stress indices than did field bean, which was less aerodynamically rough 
than com or sorghum. 
Finally, there are plant morphological characteristics which can 
influence canopy temperature relationships. 
Hatfield et al. (1984a) observed that panicles in wheat reduced 
the temperature range over which stressed canopies could operate, thus 
decreasing the sensitivity of the Tc-Ta parameter. Panicles were 
within 0.5°C of air temperature during the day. To minimize the 
effect the panicles had on canopy temperature, an oblique viewing angle 
for a hand-held Infrared thermometer was used. The canopy was adjusted 
by calculating the fraction of the field of view occupied by panicles. 
Such a correction reduced the canopy temperature of well-watered wheat 
with panicles to that of well-watered wheat without panicles, which was 
felt to be a more realistic value for canopy temperature. 
Leaf size in water lily also had an effect on the relationship of 
Tc-Ta vs. VPD (Idso et al., 1984b). Intercepts of the Tc-Ta vs. VPD 
regression were highest for the smallest sized leaves, with intercepts 
ranging from a Tc-Ta value of 9'C to 3°C over leaf sizes. However, 
wheat cultivars with widely varying canopy architectures showed no 
effects in the Tc-Ta vs. VPD relationship. All data belonged to the 
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same line. No explanation was ventured by Idso et al. (1984b) for 
these phenomena. 
Soil factors 
Soil moisture has long been used an an indicator of plant-water 
stress. In recent years, the emphasis has shifted from using the soil 
as a plant-water status indicator to using the plant itself. Remote 
sensing, especially the use of infrared thermometry, has been 
responsible for the increasing interest in this area. It is still 
important, however, to understand the role that the soil plays in 
influencing plant-water status. Consequently, infrared thermometry 
research has increasingly sought to relate the canopy temperature to 
plant-extractable soil moisture. 
Jackson et al. (1981) evaluated canopy temperature as a measure of 
crop-water stress. A canopy-temperature-based water stress index 
plotted over a period of 80 days closely agreed with a 
function of used extractable soil water over the same period. 
While the data points were not overlaid, they did increase and decrease 
in tandem. Increases in the stress index coincided with increases in 
used extractable soil water. At irrigation times, the used soil water 
was quickly replaced. The crop-stress index decreased when irrigation 
occurred, but the stress index reached a minimum a few days after the 
soil profile was recharged, indicating that a recovery period was 
necessary. An important point was that the canopy temperature based 
stress index was dependent upon evaporative demand, the VPD, and there 
was not a unique relationship between used extractable soil water and 
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the stress index unless the volume of soil from which roots actively 
extract water was specified. 
Reicosky et al. (1980) showed a series of soil-matric potential 
profiles of irrigated and non-irrigated soybean. Four days were 
shown between days 191 and 226. From day 191 to day 226, an increasing 
disparity between the matric potential of irrigated and non-irrigated 
soybean was observed. On day 226, at 50 cm of soil depth, the 
non-irrigated soil-matric potential was about -80 kPa, while the 
irrigated soil-matric potential was about -40 kPa. Diurnal canopy 
temperatures of irrigated and non-irrigated soybean on day 226 indicated 
that at peak solar-radiation load, non-irrigated soybean canopy 
temperatures were about 5®C higher than irrigated soybean canopy 
temperatures. The data indicated that higher canopy temperatures were 
correlated with more negative soil-matric potentials. 
In work with grain sorghum, Hatfield (1983) plotted percent 
available water extracted and a canopy-temperature based crop stress 
index against days after planting. The stress index followed the pattern 
of percent available water extracted and showed a recovery period after 
irrigation much like the data presented by Jackson et al. (1981). 
Accumulated values of the stress index were plotted against available 
water extracted, which resulted in a curvilinear relationship. As 
available water extracted increased, so did the accumulated stress 
index. 
It is plain that canopy and leaf temperatures are not the 
result of a single factor, but result from a complex combination 
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of plant, meteorological, and soil factors. No one factor can be said 
to be fully accountable for a given canopy temperature; Instead, many 
parameters must be considered for full understanding and interpretation 
of canopy and leaf temperatures. However, methods of using some of the 
relationships presented can be used to form empirical relationships 
which describe canopy temperature and its relationship to crop water 
stress simply, yet adequately. 
Canopy Temperature and Crop Water Stress Indices 
As canopy temperature became more important in research as an 
indicator of crop-water status, ways were sought to standardize, or 
normalize, canopy temperature data to account for climatic variability. 
Recognizing the dependence of canopy temperature on air temperature, 
researchers subtracted air temperature from canopy temperature and 
began to use the canopy-air temperature differential to characterize 
crop water status. 
One concept developed by using the Tc-Ta differential was the 
stress-degree-day (SDD). A stress-degree-day was simply Tc-Ta. 
Summations of SDDs on a daily basis were used to express the degree of 
water stress on the crop (Jackson et al., 1977). Cumulative SDDs as a 
function of days after planting over several irrigation treatments 
showed highly positive, almost linear relationships for the 
non-irrigated treatments. The fully irrigated treatments showed 
accumulations of negative values that declined somewhat and then 
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appeared to level off at -90 SDDs. The non-irrigated treatment 
accumulated 380 SDDs. The data for the treatments suggested that 
until a certain level of stress was reached, the relationship of 
cumulative SDDs to time was ill-defined. Noticeable linearity began 
in the range of -50 SDDs to 0 SDDs. 
Walker and Hatfield (1979) showed that the SDD concept was valid 
over crops, seasons, and planting dates. They found that red 
kidney bean yield was a function of the summation of SDDs from 
flowering to maturity. Their data indicated that the vegetative period 
of growth was not as definitely related to the summed SDDs. 
Idso et al. (1980) found that yield and SDD data from several 
crops fit on the same curve when yield was normalized for total solar 
radiation received from crop emergence to heading. After noting that 
Davis, CA data deviated strongly from the yield-SDD relationship 
obtained in Phoenix, AZ, it was recognized that it might be necessary to 
normalize the yield-SDD relationship for climatic variability. 
After normalizing for total solar radiation received from emergence 
to flowering, the kidney bean data of Walker and Hatfield (1979) was 
a continuation of the plot of wheat and barley normalized yield-SDD 
plots. 
Another approach to normalizing the SDD concept for environmental 
variability was taken by Idso et al. (1981a). Using the work by Ehrler 
(1973) as a basis, they regressed diurnal Tc-Ta data against 
simultaneously measured values of VPD. The resulting regression line 
was considered to be at a state of potential evaporation, because the 
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crop was well-watered and unstressed. As VFD Increased, the Tc-Ta 
value became more negative, which indicated that higher evaporative 
demand induced greater transpirational cooling of the plant. 
It was postulated that there must be an upper limit at which no 
transpiration occurred. To develop the upper limit, Idso et al. (1981c) 
observed that the intercept of Tc-Ta with a VPD of zero was positive. 
This meant that even though the air was saturated (VPD-0), evaporation 
had not been completely suppressed by the saturated air. The question 
to be answered was at what value of super saturation (negative VPD) 
would evaporation be completely suppressed? After extending the 
baseline of potential evaporation into the negative VPD region, the 
vapor pressure difference between the canopy and air was calculated and 
marked on the x-axis in the negative VPD area. By moving upward on the 
graph to the extended baseline, the intersection with the baseline was 
marked, indicating the point at which evaporation had ceased. The 
upper limit, when calculated in this manner, was dependent on air 
temperature. 
The Crop Water Stress Index (CWSI) was then defined as the ratio 
of the distance of an actual Tc-Ta data point above the non-stressed 
baseline to the distance from the baseline to the upper limit, at a 
given VPD. Conceptually, a non-stressed data point had a CWSI of 0, 
while a non-transpiring crop data point had a value of 1.0. 
The utility of the method of normalizing the SDD with VPD was 
shown when data from Mesa, AZ, Lincoln, NE, Manhattan, KS, and St. 
Paul, MN were found to be on the same regression line of Tc-Ta vs. VPD 
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for non-stressed alfalfa. The equation reported for the non-stressed 
alfalfa baseline was Tc-Ta - 0.506 - 1.92*VPD (kPa) with an r value of 
0.953. These data were collected on a dlumal basis. 
Klrkham et al. (1983) plotted well-watered alfalfa Tc-Ta data 
against VPD for 1980 and 1981. Rainfall in 1980, a hot, dry year, 
was 324 nun from 3 June to 11 November, with poor distribution of 
the rainfall during the growing season. The rainfall in 1981 totalled 
599 mm from 14 May to 25 September. Regression equations of Tc-ta vs. 
VPD were developed for each year. For 1980 data, the equation was 
Tc-Ta - 1.08 - 1.26VPD, r^  - 0.60. The 1981 equation was 
Tc-Ta - 6.19 - 3.93*VPD, r^  - 0.85. Statistical analysis showed that 
the slopes and intercepts of the two equations were significantly 
different. It was speculated that the difference in range of VPD over 
the two years was a factor causing the difference in slopes. 
Berliner et al. (1984) argued that comparison of measured canopy 
temperature with a well-watered reference plot was a better way of 
detecting crop-water stress. They noted that the scatter in the 
relationship used to develop the CWSI rendered its usefulness for 
precise irrigation scheduling doubtful. They favored the techniques 
involving comparisons to well-watered reference plots because there 
were no assumptions made about plant-environment relationships. 
However, Hatfield et al. (1984b) were unsuccessful in using the 
canopy-temperature-variability (CTV) approach (Gardner et al., 1981; 
Clawson and Blad, 1982), finding that the soil profile had to be more 
than 60% depleted of available soil water for the CTV method to detect 
21 
crop stress. The CTV method involved comparison to a well-watered 
reference plot. 
Further work by Idso et al. (1981c) related the CWSl to plant-
water potential in an attempt to establish a link over climates between 
the two measurements. Plant-water potential was normalized over 
location by subtracting the air VPD from the measured plant-water 
potential value. The normalized plant-water potential was linearly 
related to the CWSI in the 0.0 to 0.8 stress index range. Between 
0.8 and 1.0, the relationship increased abruptly to become almost a 
vertical line. The linear portion was expressed by the equation 
PWP - 13*CWSI, where PWP is plant-water potential. The standard 
deviation was 160 kPa. 
The relationship between the CWSI and the leaf-water potential of 
cotton leaves over several irrigation treatments was demonstrated by 
Pinter and Reginato (1981). They reported the equation SDD - 1.71 -
1.90*VPD, r - 0.67, n - 133, as the non-stressed baseline. The CWSI 
values ranged from -0.5 to 1.50. Theoretically, values should have 
ranged only from 0.0 to 1.0, but the variation in actual values was 
attributed mainly to variability around the baseline. Stepwise 
multiple regression equations were used to determine environmental and 
crop factors which were not important to the estimation of leaf-
water potential. The final equation was 
LWP - -0.274 - 0.905*CWSI - 0.010*age of crop - 0.19*VPD, with values 
of r - 0.87 and n - 147. 
Jackson (1982) defined the CWSI in a theoretical approach, which 
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helped confirm the validity of the technique: 
CWSI - 1 - E / Ep - [Yd + rg/ra) - y*] 
[A + Yd + Tg/ra)] 
where r^ /ra " raRn/(pCp)-(Tc-Ta)(A+Y)-(ea " eg) 
Y[(Tc-Ta) - rcRn/(pCp)] 
See the List of Symbols (page xi) for definitions of symbols used in 
these equations. 
The lower limit as calculated by Tc-Ta - PCp • Y/(A+Y) -
(«a - ea)/(A+Y) defines an actual lower boundary condition instead of 
the mean boundary condition described by the regression equation used 
in the empirically derived relationship. It accounted for changes in 
net radiation and windspeed (r^ ) whereas the empirical relationship 
2 did not. The term r^  was evaluated as r^  - 4.72((ln(z-d)/zo)) / 
1+0.54*U, where z - height above the surface 
d - displacement 
- roughness parameter 
U - windspeed in m s 
The components of the CWSI have been derived both empirically and 
theoretically. A discussion follows of the methods used to produce the 
upper and lower limits and the factors which affect the limits. 
Factors affecting the CWSI 
It is difficult to separate completely the effects of environment on 
the CWSI components from environmental effects on the CWSI as a whole. 
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Nevertheless, it is informative to peruse the manner in which the CWSI 
varies when the experiment is subjected to a range of climatic 
conditions. 
O'Toole and Hatfield (1983) investigated the effect of wind upon 
the CWSI. They analyzed the effects of wind on both the upper and 
lower limits, and then showed a table of CWSI and wind-corrected CWSI 
values at various windspeeds. At low wind speeds (0.07 to 1.1 m s ^ ), 
the CWSI ranged from a value of 1.11 for field bean to 1.20 for corn. 
The wind-corrected CWSI ranged from 1.01 for sorghum to 1.08 for corn. 
At high wind speeds (2.4 to 3.0 m s ^ ), the CWSI ranged from 0.72 for 
sorghum to 0.95 for field bean. Wind-corrected CWSI ranged from 0.92 
for sorghum to 0.97 for field bean. 
The calculations indicated that the uncorrected CWSI might have 
overestimated stress at low wind speeds and underestimated at high wind 
speeds, except for field bean. Field bean had much different 
canopy aerodynamic characteristics than corn or sorghum, which were 
considered to be aerodynamically rough. Wind would not affect an 
aerodynamically smooth canopy such as field bean or alfalfa as strongly 
as it did the corn and sorghum in the experiment. 
In a slightly different approach, Geiser et al. (1982) related the 
Tc-Ta differential to net radiation and found that the Tc-Ta 
differential became more positive with increasing net radiation and as 
relative humidity increased at a given radiation level. Their work, 
which was done in Minnesota, showed insight into the use of the Tc-Ta 
differential and the CWSI for use in more humid areas. In areas where 
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intermittent fair weather cumulus clouds are common, it may be 
necessary to incorporate net radiation into the CWSI. 
As a management aid, the CWSI shows promise in irrigation 
scheduling and yield prediction of both forages and grains. Recent 
research has explored the relationship of the CWSI to plant-water 
potential, yield, and plant extractable soil water in an effort to 
accumulate data on the feasibility of using the CWSI on a practical 
basis. 
Irrigation scheduling 
A canopy temperature based stress index such as the CWSI must meet 
several requirements to be acceptable as an irrigation scheduling 
device. There must be sufficient warning of crop stress, the 
technique should be as non-destructive as possible, quick, accurate, 
and must have a sound physical basis. 
Pinter and Reginato (1981) calculated CWSI values for cotton and 
compared the values with leaf-xylem potential. By using a stepwise 
multiple regression procedure, they determined several environmental 
and crop factors which were essential for prediction of leaf-xylem 
potential. The leaf-xylem potential was highly correlated with crop 
age in days and with the CWSI of a leaf. The lower correlation with 
the CWSI of the canopy was attributed to amounts of soil viewed early 
in the season, and later to lodging which opened up the canopy. 
In the final analysis, the three variables most important to 
prediction of leaf xylem potential were the CWSI, crop age, and VPD. 
The equation developed was not used to independently predict the leaf-
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xylem potential of plots excluded from the model development, but the 
research did establish that leaf-xylem potential changed in a regular 
fashion between irrigations. It was suggested that a minimum level of 
leaf-xylem potential such as -2.5 MPa could be used to signal the need 
for irrigation, but it was thought that perhaps leaf-xylem potential 
should be normalized for VPD. 
Hatfield (1983) suggested relating accumulated CWSI values to 
available water extracted by grain sorghum. He obtained extremely 
good fit for his data, and concluded that relating canopy temperature 
to soil-water availability was feasible in some circumstances without 
additional data such as spectral reflectance. 
Research that has used canopy temperature relationships to 
schedule irrigations has been developed by Clawson and Blad (1982), and 
Geiser et al. (1982). 
The work of Geiser et al. (1982) used net radiation, relative 
humidity, and the Tc-Ta differential measurements in order to determine 
a need for irrigation. A critical value of Tc-Ta was obtained by 
entering the net radiation and relative humidity data on a chart of 
Tc-Ta vs. net radiation, with levels of relative humidity plotted. By 
their criteria, if measured Tc-Ta was greater than or equal to the 
critical Tc-Ta, irrigation was necessary. Conventional methods of 
scheduling irrigation were compared to the canopy-temperature method. 
Yields were not significantly different among the irrigated plots, but 
the amounts of water applied to the canopy-temperature-scheduled plots 
were less than for the other plots. 
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Clawson and Blad (1982) found that yields of irrigated corn were 
slightly reduced from that of a well-watered reference plot when canopy 
temperature was used to schedule irrigation, although the reduction was 
not statististically significant. The plot scheduled with canopy 
temperature received 127 mm of water, while 283 mm of water were 
applied to the well-watered reference plot. This indicated that using 
canopy temperature to schedule irrigations could result in considerably 
less irrigation water applied. Irrigation was initiated in the canopy-
temperature plot when canopy-temperature variability (CTV) within the 
plot was 0.8° C or greater (maximum-minimum). 
In a novel approach, the SDD concept was coupled with the growing 
degree day (GDD) concept as an irrigation scheduling device (Idso et 
al., 1978). By plotting SDD values against calculated GDD values, a 
visual inspection of the "route" plotted toward the final yield line 
indicated that when there was an upward tendency in the "route", the 
crop should be irrigated. 
Yield prediction 
Remote sensing technology has been developed in an effort to use 
satellite sensors to assess the world crop yield. Many applications of 
this technology have emerged: the hand-held infrared thermometer has 
generated much interest in the use of canopy temperature to estimate 
yield of water-stressed crops and to schedule irrigations. 
Idso et al. (1977) investigated the relationship between plant 
temperature and crop yield. A stress index was derived which was 
called the 'stress-degree-day' (SDD). A SDD was the difference between 
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canopy and air temperature (Tc-Ta), and the summation of SDD values was 
thought to be linearly related to crop yield. Summations were made 
over some critical growth period of the crop. 
Using wheat, SDDs were summed from head emergence to cessation of 
head growth. The relationship of summed SDDs to yield was linear and 
highly correlated, with an equation Y-523-2.26(SDD) with r value of 
-0.980. An interesting facet of this research was the method used to 
determine the critical period of wheat growth. Using albedo 
measurements and concurrent wheat photographs, it was determined that 
head emergence had coincided with a discontinuity in the albedo data. 
Sharp increases in albedo coincided with visual browning of the wheat 
and with a levelling off of head dry weight accumulation. 
This article became the first in a long succession of related 
papers dealing with various aspects of canopy temperature, plant 
temperature, plant-water relationships, irrigation scheduling, and 
yield prediction. 
In a later paper (Idso et al., 1978), several related topics were 
discussed. The SDD approach was again used to relate wheat grain yield 
to cumulative SDDs. The SDD relationship was combined with the 
growing-degree-day (GDD) concept. Growing-degree-days have been useful 
in predicting crop development under non-stressed conditions; the use 
of both ODD's and SDDs allowed a "route" to be mapped of the 
progression of the crop to its final yield. 
Further use of the SDD concept resulted in the forage yield 
relationship given by Reginato et al. (1978). Stress-degree-days for 
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alfalfa were summed over the last 11 days before cutting. Growth stage 
at cutting was not indicated. Forage yield was linearly and highly 
correlated with the accumulated SDDs. 
Yield reduction relative to a well-watered plot of alfalfa was 
linearly related to SDDs accumulated in excess of SDDs accumulated by 
the well-watered alfalfa. Slopes of the yield-summed SDD and yield 
reduction-summed SDD relationships were almost of the same magnitude, 
which indicated that the relationship of yield-SDD would be valid over 
the entire growing season. 
It was expected that yield-SDD relationships would exhibit crop 
specificity, but no evidence had been gathered about location 
specificity. After data from two sites (Davis, CA, and Phoenix, AZ) 
were analyzed, it was plain that the relationship differed over 
location. In an effort to adjust the data for the location, the crop 
yields were normalized first for the summation of daylight minutes over 
the emergence to heading period (Idso et al., 1979), and later using 
total solar radiation received over that period (Idso et al., 1980). 
Normalized in this manner, the linearity became an exponential curve. 
Yield was normalized for total solar radiation over the vegetative 
period because it is during that phase of a plant's life that its yield 
potential is established. Yield potential, in their definition, 
consisted of leaf area, root system, and grain numbers. During the 
post-heading stage, actual final yield was determined by environmental 
influences. 
Use of the CWSI to predict final yield (Idso et al., 1981b) 
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(calculated during reproductive growth) resulted in an exponential 
curve similar to the one generated by Idso et al. (1980). The major 
difference was that the stress index axis had been normalized for 
climate variability instead of the yield axis. Interestingly, a single 
linear relationship described the normalized plant-water potential vs. 
CWSI of both wheat and alfalfa in Arizona. Plant-water potential was 
normalized by subtracting the daily VPD from the daily plant-water 
potential values. The result was termed the soil-induced plant-water 
potential component. 
The relationship between the summation of midday canopy 
temperature minus midday well-watered canopy temperature of corn vs. 
com yield as a percent of fully irrigated yield was explored by 
Gardner et al. (1981b). The equation developed was linear with an 
r-squared value of 0.92. They concluded that yield could be estimated 
by using infrared thermometry if a non-stressed area was available as a 
reference. 
Using a stress index called the temperature-stress-day (TSD), 
which was midday canopy temperature minus midday canopy temperature of 
a well-watered plot, Gardner et al. (1981a) related fraction of maximum 
yield to the summation of TSD's. A curvilinear quadratic relationship 
resulted for the grain sorghum crop; the equation had an r-squared 
value of 0.71. 
Curiously, the com data from Gardner et al. (1981b) showed a 
linear relationship while the data of Gardner et al. (1981a) 
demonstrated a curvilinear relationship for grain sorghum. Upon closer 
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examination of the corn data of Gardner et al, (1981b), it is possible 
that the data could be refit to a curve. Other researchers (Diaz et al., 
1983; Idso et al., 1981c; Idso et al., 1980) have found curvilinear 
relationships of yield vs. stress indices, where either yield or the 
stress index had been normalized for climatic variability. 
Berliner et al. (1984) favored a stress index like that of Gardner 
et al. (1981a), claiming that it was essentially normalized for 
climatic variability without using independent measures of 
environmental conditions such as VPD or solar radiation. If the TSD 
index is essentially normalized for environmental variability, it is 
not so surprising that the grain sorghum data of Gardner et al. 
(1981a) showed the characteristic relationship. 
Derivation of the Lower and Upper Limits 
The stress degree day (SDD) concept (Idso et al., 1977) was 
introduced as a model of yield prediction. Yield was 
hypothesized to be a linear, inverse function of an accumulation of 
SDDs. The SDDs were accumulated over the reproductive portion of a grain 
crop's life cycle, from heading to beginning senescence. 
A stress degree day is the difference between crop canopy 
temperature and air temperature on a given day, measured in early 
afternoon. 
The yield relationship is a regression of summed SDDs over the 
period from heading to beginning senescence. It was obvious that other 
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environmental factors besides soli moisture could Influence the 
stress-degree-day, so a successful attempt was made to normalize the 
stress-degree-day for other environmental factors (Idso et al., 1981a). 
The canopy-air temperature differential was found to vary linearly 
and inversely with the air VPD, which is an indicator of atmospheric 
evaporative demand. 
The relationships developed were for well-watered crops assumed to 
be transpiring at potential rates. Where water was not limiting, 
transpiration played an Important role as a cooling process for 
transpiring surfaces. 
The regression of canopy-air temperature on VPD Is often termed 
the "non-stressed baseline". When crop-canopy temperature data were 
collected and plotted on the regression plot, the data points which did 
not coincide with the baseline, but lay above it, were considered 
stressed. Logically, as the soil water is depleted from the rooting 
volume, the crop will, at some point, no longer be able to transpire at 
the potential rate, hence the deviation from the non-stressed baseline. 
The data used to derive the original relationships were from 
diurnal data collections of canopy and air temperature and wet and dry 
bulb temperature measurements. The function of canopy-air temperature 
vs. VPD was non-linear over the 24 hour period, but during daylight 
hours there existed a period 2 to 3 hours after sunrise to 2 to 3 hours 
before sunset in which the relationship was linear. This linear 
portion of the data set was used to define the well-watered 
(non-stressed) baseline. The equation for alfalfa was 
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Tc-Ta - 0.506 - 1.92*VPD, with a correlation coefficient of 0.953. 
Only data from clear days were utilized in the construction of the 
relationship, although it was recognized that a different relationship 
would exist for overcast days. The point was made that it would be 
difficult to characterize the relationship under rapidly changing 
sunny-cloudy conditions. 
Idso et al. (1981a) suggested that the potential transpiration rate 
is simply but definitively indicated by the linear relationship of 
foliage-air temperature and VPD. They also indicated that the CWSI 
might be difficult to determine accurately under low VPD conditions, 
because Tc-Ta variability is high with low VPD conditions. 
Later research indicated that the non-stressed baseline could vary 
with crop growth stage (Idso et al., 1982). Wheat and barley exhibited 
a change in slope of baseline as they entered reproductive phases. The 
slopes became less steep in the post-heading stages. Idso's 
explanation was that more canopy resistance was exerted in the 
post-heading phase ; hence the lesser transpirational cooling effect for 
a given increase in VPD. In an earlier study, Fritchen and van 
Bavel (1964) thought that this lesser transpirational cooling was not 
caused by physiological maturity, but by seedheads absorbing radiation 
and converting it to sensible heat. This was thought to prevent 
sensible heat transfer to transpiring surfaces by forming an 
aerodynamic barrier. 
Another finding of Idso (1982) was that a shaded crop baseline was 
always considerably lower than that of a sunny-crop baseline. For 
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garden bean, similar slopes existed, but intercepts were quite 
different. The sunlit bean intercept was positive, while the shaded 
bean intercept was negative. 
Interestingly, a non-linear shaded baseline was found for water 
lily (Nymphaea odorata), an aquatic plant. It was speculated that a 
curvilinear baseline could occur if stomatal resistance was constant 
(Jackson et al., 1981). Because a water lily under shade conditions 
had no need for conserving water, a constant stomatal resistance did 
not seem surprising. 
Further empirical analysis of the non-stressed baseline indicated 
that leaf size may alter the baseline within a species (Idso et al., 
1984b). Although a common baseline was found for seven cultivars of 
wheat, water hyacinth (Eichhornia crassipes) showed different baselines 
for groups of plants with different leaf sizes. The wheat cultivars 
ranged between those with erectophile and planophile canopy architecture. 
The slopes of the water hyacinth baseline were similar, but the 
intercepts differed by 6°C, with largest-leaved groups having the 
smaller intercept. Idso et al. (1984b) mention, however, that the role 
of leaf size may be more Important in aquatic species than terrestial. 
No attempt was made to physically explain why the baselines were 
different for water hyacinth. Further evidence that aquatic species 
baselines may be more sensitive to leaf size than terrestial species 
was given in Idso (1982), where intercepts of small alfalfa leaves were 
almost the same as intercepts for large sunflower leaves. 
Intercepts for squash and pumpkin, however, which have similarly sized 
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leaves, were different. 
The non-water-stressed baseline, or lower limit, has been analyzed 
theoretically by Jackson et al. (1981), using energy balance techniques 
(Monteith, 1973). 
Canopy - air temperature was determined as follows: 
Tc-Ta - r^ Rn • yCl+rc/ra) - eg _ e 
PC- A+Y(l+rc/ra) A+Y(l+r /r_) 
where Tc - canopy temperature, "C 
Ta - air temperature, "C 
-1 
r^  - aerodynamic resistance, s m 
r^  - canopy resistance to vapor transport s/m 
Cp - heat capacity of air, J kg ^  "C ^  
- air density, kg m 
•ff 
e^  - saturated vapor pressure (Pa) at Tc 
e^  - air vapor pressure, Pa 
A - slope of the saturated vapor pressure-temperature curve 
(e*-ea)/(Tc-Ta) in Pa "C"^  
Y - psychrometric constant. Pa °C ^  
To find this lower bound where the potential rate of evaporation 
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occurs, r^  was set to 0, which indicated that there was no crop 
canopy resistance to vapor transport. 
The result: 
Tc-Ta(LL) - " ^ a^ " 
p Cp A+y* A-My* 
which showed the lower limit to vary directly with net radiation, VPD 
and implicitly with wind as found in the r^  variable. In this 
* 
equation, Y " Y (1+ Zcp/^ a^ ' *here r^  ^is the canopy 
resistance to vapor transport at potential évapotranspiration. In 
practice, the lower limit was evaluated for a given set of conditions: 
Rn - 500 Wm , r -10 sm , r - 5 s m 
a cp 
The latter two values were evaluated in the field. The term 
was obtained by measuring Tc-Ta for a mature senesced wheat crop. 
The equation Tc-Ta - r^ Rn/ c^  was then solved for r^ , with 
a value of 10 s m ^  calculated for r . 
a 
The canopy resistance at potential évapotranspiration was a one 
point determination obtained by adjusting r^  ^until the CWSI was 
close to 0. Jackson et al. (1981) admitted that this was a first 
approximation and probably not a constant, which they had assumed for 
ease of use. 
At this point, it is not clear what new environmental influences 
will be incorporated into the construction of the lower limit. Idso et 
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al. (1984b) have implicated leaf size and solar radiation as factors to 
be considered. O'Toole and Hatfield (1983) did not include windspeed 
in their calculation of the lower limit, although it was used in 
calculation of the upper limit. Undoubtedly extensive research is 
necessary to further quantify the lower limit, or non-stressed 
baseline, in relation to plant and atmospheric factors. 
The upper limit 
The upper limit of the Crop Water Stress Index (CWSl) is the level 
of canopy-air temperature where no transpiration occurs. It has been 
determined empirically (Idso et al., 1981a) at a range of air 
temperatures and for several crops. Calculation of the upper limit 
began by noting that the intercept of the non-stressed baseline with 
the canopy-air temperature axis was positive, indicating that a vapor 
pressure gradient still existed between the canopy and air. If 
equilibrium conditions occurred, the intercept would be at VPD - 0 and 
Tc-Ta - 0, at which point transpiration would cease. Idso et al. 
(1981a) postulated that at this point there existed a super-saturated 
atmosphere with a negative VPD. The non-stressed baseline was then 
extended into the negative VPD region. To calculate the upper limit, 
the vapor pressure gradient between the canopy and air on a given day 
was calculated at VPD-0 and entered into the non-stressed baseline 
equation. The resulting Tc-Ta value was the theoretical upper limit at 
which transpiration had ceased. 
Other researchers have questioned the validity of the upper limit. 
Jackson et al. (1981), noted that the upper limit can be found using 
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energy-balance techniques. By allowing canopy resistance (r^ ) to 
increase infinitely, Tc-Ta(UL) - r^ Rn/t)Cp, where r^  was crop 
boundary layer resistance, Rn was net radiation, p was air density, and 
Cp was heat capacity of the air. No data were presented for 
comparison of upper limits calculated empirically or by the energy-
balance technique. 
The effect of wind on the CWSI, and by extension, the upper limit, 
was discounted by Idso et al. (1981a), who observed that VPD alone 
seemed sufficient to characterize the canopy-air temperature 
differential. Their data were collected over conditions "ranging from 
essentially calm to almost gale"..., and so felt justified in their 
statements. 
However, it seemed unlikely that wind would have little or no 
effect on the upper limit, given its dependence upon radiative and 
convective terms. In a later study, O'Toole and Hatfield (1983) showed 
that wind does indeed play an important role in establishing the upper 
limit of the CWSI. In addition to evaluating the effects of wind 
on the upper limit, a field experiment was carried out to validate 
calculated upper limit by comparison with field data. In contrast to 
the experiment by Jackson et al. (1981), a living green canopy was 
used instead of a senesced crop. Stress was imposed quickly 
by severing the roots of the crop just deep enough to leave the 
plants standing. Canopy resistance was expected to approach a maximum 
by this technique, thus utilizing the concept of the upper limit as 
determined by the energy-balance technique. 
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Field validation of the Idso method calculated upper limit showed 
a broad range of field measured data for each calculated upper-limit 
data point. Comparison showed that plots of Idso method CWSI and 
windspeed were similar. A regression of actual-calculated upper 
limit against windspeed showed the upper limit differential decreasing 
with increasing windspeed. Slopes of the relationships were similar 
for sorghum and com, while field bean exhibited a shallow slope. 
O'Toole and Hatfield's data showed little correction for CWSI using 
windspeed for field bean. They indicated that field bean had an 
aerodynamically smooth canopy, much like that of alfalfa, and 
suggested that this was the reason Idso et al. (1981a) observed good 
results in their relationships over a wide range of windspeeds for 
alfalfa. 
The field bean upper limit was not as highly correlated to 
windspeed as were the upper limits of the sorghum and corn 
relationships, but the field bean upper limit was more closely associated 
with net radiation. 
Finally, O'Toole and Hatfield proposed an extension of the Idso 
calculated upper limit. The calculated upper limit was corrected for 
windspeed through the subtraction of a linear windspeed function from 
the calculated upper limit. 
The equation used was 
(Tc-Ta) - a + b*VPG + (a' + b'*V) where a, a', b, b', are 
intercept and slope terms respectively, and VPG is the value of 
SVP(Tc)-SVP(Ta) at VPD - 0, and V is windspeed in meters per second. 
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The correction factor for the field bean upper limit was 
(Tc-Ta)UL - 0.79-0,31*V, with r—0.26. 
0'Toole and Hatfield concluded that the windspeed correction 
played a significant role in the calculation of the CWSI. Comparison 
of non-corrected CWSI and windspeed corrected CWSI indicated that the 
windspeed correction placed the CWSI back into the range of 0 to 1.0, 
where it conceptually should be. 
Alfalfa Water Use, Growth, and Yield 
Because water is a major determinant in the growth and yield of 
crops, it is informative to investigate the response of alfalfa to 
irrigation and water-deficit stress, and to then compare the 
growth and yield responses of various irrigation patterns or treatments 
to the responses of well-watered alfalfa. 
Water use 
Alfalfa water use follows patterns which are heavily influenced 
season and cutting pattern. Daigger et al. (1970) found that 
alfalfa in western Nebraska used 11.4 cm of water per 1000 kg of 
12% moisture hay. Water use on a per day basis averaged 4.1 mm 
in May and June for the first harvest, and 5.6 mm in July for the 
second harvest, and 5.9 mm in August for the third harvest. Yields 
for first harvests over the 3 year data collection period averaged 5700 
kg/ha. Second and third harvest yields averaged 3700 kg/ha. Water use 
was found to be highly correlated with yield, and water-use efficiency 
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was greater for first harvests. 
Rosenberg (1969) measured the évapotranspiration (ET) of irrigated 
alfalfa in Nebraska. Evapotranspiration ranged from 4.57 mm/day in 
April to a high of 12.02 mm/day in May of 1967. Evapotranspiration 
remained at least 9 mm/day on the dates measured in May, but in August 
the highest ET measurement was 7.50 mm/day. The data indicated 
a trend of lower ET increasing early in the season, and declining 
later in the season. Data were not shown for June or July, so the extent 
of the peak, if the May values were peak values, was not indicated. 
Jensen et al. (1970) showed how ET of alfalfa changed after 
cutting. Alfalfa ET reached a high just before the first cut, and 
after cutting, ET dropped dramatically. For a time after cutting, soil 
evaporation exceeded transpiration. Before subsequent cuttings, 
alfalfa ET also peaked, but the peak ET was diminished from that of the 
first cut. 
Shaw (1964) estimated soil moisture under meadow during 
different cutting periods in the growing season. Soil moisture 
was compared to Class A open-pan evaporation. During the first cutting, 
estimated soil moisture was 80% of open-pan evaporation. If soil 
moisture was estimated to be "low", it was only 70% of open-pan 
evaporation during the second growth cycle in June and July. 
Heichel (1983) reported that seasonal water consumption of alfalfa 
ranged from 350 mm to 1900 mm, depending on the length of the growing 
season. When water was the limiting factor, the determinants of 
seasonal water use were length of growing season and maximum daily 
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temperature. Alfalfa required from 5.6 to 7.3 cm/ha of water per 1000 
kg of dry forage to meet its water requirements during the growing 
season. Sensitive growth periods to water stress are seedling 
establishment, forage regrowth, and seed production. In fact, seed 
production in alfalfa is encouraged by inducing a slight water 
stress to suppress vegetative growth. 
Retta and Hanks (1980) reported ET and dry matter yields for 
alfalfa under different irrigation treatments for 1976 and 1977. 
Irrigation in 1976 ranged from 0 to 391 mm; ET ranged from 232 mm to 
503 mm. Dry matter yield ranged from 2,890 kg/ha to 7,510 kg/ha in 
1976. Relative alfalfa yield regressed on relative ET exhibited an 
r of 0.95 in 1976. 
Heichel (1983) also indicated how alfalfa herbage yield varied over 
the growing season with three cuts. Herbage yield reached a high during 
May and June, and declined for subsequent harvests. This response was 
attributed to the decreasing availibility of soil water as the growing 
season progressed in the northern U.S. 
Leaf and stem dry matter distribution was discussed by Heichel 
(1983). In this study, as the growing season progressed, stem mass in 
the lower 30 cm of the canopy increased from 63% of total stem mass to 
84% of total stem mass. Herbage mass was greatest in the 30 to 40 cm 
height range when the crop was at least 70 cm tall, but was greatest in 
the 20 to 30 cm height range when the canopy height was 50 cm. Most 
leaf mass and leaf area occurred in the middle layers of the crop canopy, 
regardless of height. Leaf mass was least at the bottom of the canopy. 
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Carter and Sheaffer (1983a) showed alfalfa dry weight and 
leaf area index (LAI) over a range of irrigation treatments and for 
three harvests. Their data indicated that as the season progressed, 
the differences among harvests and LAI among the treatments became more 
pronounced. Relative growth rate (RGR) decreased as midday plant-water 
potential decreased. Water use for the "high" irrigated treatment was 
16.1 cm for both the third and fourth growth cycles. Forage yields 
were 4,9 Mg/ha and 2.5 Mg/ha for growth cycles 3 and 4, respectively. 
Water-use efficiency was much higher during the third growth cycle than 
the fourth. 
Brown and Tanner (1983) Investigated water-stressed alfalfa stem 
and leaf growth. Instead of showing alfalfa yield components only at 
harvests, the development of stress effects upon leaves and stems was 
documented. Patterns of stem and leaf development for well-watered 
alfalfa were shown. New leaves emerged every 2 days, while internode 
growth growth followed an exponential pattern and took about 12 days to 
reach full extension. Leaf area per stem decreased with water stress, 
as did stem length. The RGR of stressed stems was considerably less than 
that of irrigated stems. 
Alfalfa Growth Analysis 
Plant-growth analysis evolved as the need arose for stricter 
quantitative evaluations of plant growth. Early efforts in 
quantification of plant growth include those of Blackman (1919). He 
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recognized that since plant growth is a continuous process, growth 
should be described by a continuous mathematical function. This 
concept was a step forward from the older approach of describing plant 
growth in discrete steps. 
An excellent treatise on plant growth analysis was presented by 
Evans (1972). He discussed plant growth analysis historically and in 
view of current approaches and usage. Relative growth rate (RGR), crop 
growth rate (CGR), unit leaf rate (ULR), (or, net assimilation rate, 
NAR) , leaf weight ratio (LWR), specific leaf area (SLA), and leaf area 
index (LAI) are discussed. The reader is referred to Evans (1972) for 
a thorough discussion of plant-growth analysis, and to Radford (1967) 
for a discussion of the mathematics involved in calculation of the 
growth parameters. 
The remainder of this section will be concerned with reporting 
pertinent experimental results concerning plant-growth analysis of 
alfalfa. 
Experimental results 
Several researchers have investigated the partitioning of alfalfa 
dry weight among its growth components. 
Nelson and Smith (1968a) showed the distribution of alfalfa dry 
matter among the tops, crowns, and upper 15 cm of roots. Cyclic weight 
changes in the roots were attributed to changes in root carbohydrate 
levels. Alfalfa top growth exhibited an exponential growth phase 
during early seasonal growth and also during early regrowth in the 
midsummer. Linear phase growth then commenced in both cases. 
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After growth for about 6 weeks, the alfalfa began to lodge, after 
which lower leaves yellowed and dropped, causing a decline in top 
weight. 
In a subsequent paper, Nelson and Smith (1968b) dealt with crop 
growth rates (CGR) net assimilation rates (NAR) , and leaf area index 
(LAI). Early in the spring, alfalfa had an LAI of 7.0 
corresponding to the first flower stage. The LAI then declined to about 
3.0 in late June, when the alfalfa was cut. The LAI during the regrowth 
only attained a maximum of 3.0, but did not decline as much as it did 
during the first growth period. The CGR (defined as dW/dt: change in 
dry weight per unit time) was at maximum value when LAI was about 3.5. 
Maximum CGR was slightly less in the regrowth after the first cut, 
and at its lowest in the fall, after a second cut. Net assimilation 
rate (NAR, defined as l/A*dW/dt, where A is leaf area) declined steadily 
after initial spring growth or after a cutting, except in fall, when NAR 
increased after the second cutting, then levelled and declined slightly. 
Greub and Wedin (1971) showed LAI of alfalfa increasing to a high 
of about 5.0 in early spring growth. Regrowth after the first and 
second cuttings attained LAI of 3.0. Dry weight maximums after the 
first and second cuttings were not as high as the dry weight maximum 
during early spring growth. No definite pattern existed in NAR vs. 
time, except that a decreasing trend occurred. The NAR showed much 
short-term variation, as did the CGR. The CGR analysis did show that 
the CGR tended to reach a maximum during the regrowth period with a 
decline thereafter. 
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Delaney et al, (1974) discussed trends of LAI and specific leaf 
weight (SLW) of alfalfa. Specific leaf weight (defined as leaf weight/ 
leaf area) was variable over the entire growing season, but tended to 
increase from mid-August into autumn. The LAI, on the other hand, 
decreased over the growing season from a maximum of 6.0. The alfalfa 
was managed on a "cutting schedule" basis, but was simply sampled from 
time to time over a period of about 5 months. The leaf:stem ratio 
decreased slightly from mid-June to late July, but then increased 
steadily until late October, when it reached a high of 0.95. The 
leaf:stem ratio in mid-June was about 0.53. 
The NAR of alfalfa decreased curvilinearly as LAI of alfalfa 
increased (Wilfong et al., 1967). Using the Beer-Lambert 
equation for PAR interception, the LAI necessary to intercept 95% of 
incoming PAR ranged from 2.4 to 4.9, depending whether the alfalfa 
was in its seedling growth phase (before any cuts) or in regrowth 
phase. The 4.9 LAI was the LAI needed to intercept 95% of incoming 
PAR during the first regrowth phase. Predictive curves of NAR 
(dependent variable) vs. LAI were developed. Apparent photosynthesis 
was calculated by multiplying the predicted NAR value by LAI. 
The leaf area:leaf weight ratio vs. LAI had a positive linear 
relationship. 
The effects of plant age on SLW were investigated by Barnes et al. 
(1969). Stage of maturity did not affect specific leaf weight 
appreciably, although distinct differences among cultivars tested were 
noted. The authors discussed the concept that high SLW was associated 
46 
with high photosynthetic rates and low SLW was associated with low 
photosynthesic rates and low productivity. 
Alfalfa was grown under cool and warm temperature regimes and NAR 
was calculated for each (Nelson and Smith, 1969). The NAR increased from 
a low of -20 mg dm^  day ^  to a high of about 170 mg dm^  day ^  under the 
warm regime (32/24°C). Under the cool (18/10®C) regime, NAR began at 
2 -1 2 ~1 
about 80 mg dm day" and increased to almost 180 mg dm day . First 
flower occurred as NAR decreased from its maximum in both temperature 
2 -1 
regimes. After cutting, NAR increased from 60 mg dm day to 130 
2 -1 
mg dm day" , when the alfalfa was then cut again. Growth did not 
recover after the first cutting in the cool regime. 
Wolf and Blaser (1971) studied the relationship of LAI and time at 
three temperature regimes. At 21°C, LAI increased linearly with time 
2 from the origin at a rate of 2.85 cm per day. At 10®C, leaf area 
2 increased linearly at 1.05 cm per day. At 32°C, leaf area 
2 increased linearly from the origin to about 7.5 cm , then levelled 
2 2 
off at 11.0 cm . Rate of growth was estimated at 1.90 cm per 
day. 
Leaf area index was more affected by stage of maturity 
at which harvest occurred in a study by (Robison and Massengale, 1968). 
However, for both growth stages (25% bloom and 50% bloom), LAI decreased 
with time over three growth periods. 
Bula (1972) showed that alfalfa leaf weight was highest when 
plants were grown in a 25°C temperature regime. Leaf weights were 
least when grown at 35'C. The patterns were similar for both seedling 
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and regrowth phases. Leaf area also followed the same pattern. Specific 
leaf weight during the seedling growth phase was highest at 25®C, and 
lowest at 20*C, but during regrowth SLW was highest at 35'C and lowest 
at 25»C. 
The Gompertz Function 
The Gompertz function is an example of an asymptotic growth 
function (Hunt, 1982). The outstanding characteristic of an asymptotic 
growth function is that it increases to a plateau. Although all 
asymptotic functions share this characteristic, there are many forms that 
an asymptotic function can take, such as the monomolecular, logistic, 
or Richards function, as well as the Gompertz. The Gompertz function, 
which was introduced in 1825 by Benjamin Gompertz, takes the form 
W - a*exp(-b*exp(-ct)), Physical meanings of the parameters a, b, c, 
W, and t are as follows: 
W - dry weight at time t 
t - time 
a - maximum dry weight possible (upper asymptote of curve) 
b - starting size of curve 
c - weighted mean relative growth. 
One characteristic specific to the Gompertz function is its 
asymmetrical shape. Some asymptotic functions are symmetrical about 
the inflection point (the logistic function), but the Gompertz curve 
inflects at the value a/e, which means that the inflection occurs when 
W is 37% of the asymptotic value. Other useful expressions derived 
from the Gompertz function include dW/dt, the rate of change of dry 
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weight with time: 
dW/dt - abc*(exp(-ct)-b*exp(-ct)), and l/W*dW/dt-bc*exp(-ct), which is 
relative growth rate. 
The Gompertz function has been used successfully to describe the 
growth of plants or plant parts. Amer and Williams (1957) used the 
Gompertz function to model leaf-area growth of Pelargonium. An 
excellent fit of the curve was obtained. Different watering regimes 
were employed, dry regimes as well as a treatment that resumed 
watering after 5 weeks drying time. The Gompertz curves fitted to the 
dry regime leaf area indicated that leaf area was reduced from an 
2 2 
asymptotic value of 80 cm to an asymptotic value of 4 or 5 cm . 
The growth was severely reduced in the dry treatment, and the curve 
appeared to flatten considerably. When the dry-normal treatment was 
rewatered, it responded much as the normal regime but did not attain 
the leaf-area value of the normal watering regime. 
The Amer and Williams (1957) study suggests that the Gompertz 
function can still be used to describe growth of plants under sub-
optimal conditions, a finding that will be utilized later. 
The Gompertz function has also been used successfully to describe 
dry-weight accumulation of soybean plant components (Roller et al., 
1970; Roller, 1971), growth of nursery oil palms (Rees and Chapas, 
1963), and prediction of corn leaf area (Baker et al., 1975). 
Baker et al. (1975) investigated the effects of different 
environmental conditions on the form of the Gompertz curve. A family 
of curves generated for all possible conditions showed the Gompertz 
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function diminishing in asymptotic value and decreasing in slope as 
environmental conditions became more adverse. Leaf area under 
different conditions was generated using stepwise regression to select 
environmental parameters that contributed significantly to leaf area. 
The original leaf-area data used to fit the regression analyses were 
from four corn hybrids. 
Pegelow et al., (1977) felt that the Gompertz function predicted 
cotton hypocotyl length quite well and used the Gompertz function 
because of its responsiveness to environmental changes and because 
there seemed to be physical significance to its parameters. They 
discussed the variations of the Gompertz parameters with changing soil 
moisture, compaction, and temperature. Results of multiple regression 
analysis indicated that the growth-rate parameter varied with the 
environment. The basic Gompertz equation was then modified to include 
the regression models which had been developed for environmental 
parameters and their effects upon the Gompertz parameter. 
Stomatal Conductance and Resistance 
Transpiration of plants is regulated by stomata, which are 
apertures in the epidermal layers of leaves. The two cells which form 
the aperture are kidney or dumbbell shaped and are called guard cells. 
The guard cells can become flaccid or turgid depending upon the stimuli 
the cells receive. 
Several stimuli affect the condition of the guard cells. At 
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night, stomata are nearly or completely closed because of the flaccidity 
of the guard cells. When irradiance is received by the cells, is 
taken up by the guard cells, and then water is drawn into the guard cells 
in response to the osmotic gradient. The aperture widens as the cells 
become turgid. The uptake of is one mechanism which may occur 
in the turgidity process; another mechanism which may occur is the active 
extrusion of followed by passive uptake of (Nobel, 1983). 
Water availability and COg concentration in the leaves and air 
also affect stomata. Illumination causes the leaf COg level to 
decrease because of photosynthesis. As this occurs, the COg 
concentration in the guard cells also decreases, which can stimulate 
stomata to open. Water loss through transpiration is regulated by 
stomata. During periods of water stress, absiscic acid is formed which 
inhibits stomatal opening (Nobel, 1983). 
The observation of stomatal behavior during periods of water-
deficit stress led researchers to believe that water stress could be 
quantified by measuring the amount of water vapor released through the 
stomata when plants were subjected to different levels of water 
availability. 
The concept of stomatal resistance to water vapor flow was 
developed as an analogy to the concept of electrical resistance. The 
network of resistances within a plant leaf consisted of boundary-layer 
resistance, cuticular resistance, stomatal resistance, resistance by 
intercellular air spaces, and epidermal or mesophyll cell-wall resistance 
The resistance of intercellular air spaces and stomata are in series; 
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they are in parallel to the cuticular resistance (Nobel, 1983). 
If the stomata are open, the cuticular resistance tends to 
dominate. Leaf resistance can be considered a function of intercellular 
space resistance and stomatal resistance when the stomata are open, 
because the cuticular resistance term will cancel itself in the 
equation (Nobel, 1983). 
Conductance is the reciprocal of resistance. It is often more 
convenient to use units of conductance rather then resistance because 
conductance yields relationships that are linear instead of exponential 
in nature. The underlying principles are the same. According to 
Nobel (1983), stomatal conductance values for crops range from 80 to 
-2 -1 400 mmol H^ O m s 
Ins trumentation 
The degree of water-deficit stress on a leaf can be measured with 
a porometer. A porometer is a device that can measure the rate of flow 
of air through a leaf,a mass-flow porometer, or can measure the 
diffusion of water vapor through the stomata--a diffusion porometer. 
Mass-flow porometry is essentially a measurement of leaf porosity. 
The technique works best with leaves that have stomata on both leaf 
surfaces. It Is assumed that the two epidermal resistances are similar 
and not widely different. A mass-flow porometer applies pressurized 
air to one leaf surface and measures the rate of air flow as the air 
exits the stomata on the other surface (Hsiao and Fischer, 1975). 
Diffusion-type porometers measure the flow rate of water vapor 
from a leaf with a built-in humidity sensor. Early diffusion 
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porometers were called transient diffusion porometers, and required the 
measurement of "transit time": the time necessary for instrument scale 
values to progress from 20% to 60% of full scale. At low resistances, 
transit time were be relatively short. The temperature of either the 
leaf surface or the porometer cup had to be obtained. 
The steady-state diffusion porometer is a recent introduction. In 
contrast to the transient-type porometer, the steady-state porometer 
does not require transit time measurements or field calibration. In 
general, the steady-state porometer has a chamber through which a dry 
gas flows over the leaf surface. The flow rate is known, and the 
humidity of the gas is measured after exiting the chamber 
(Campbell, 1975). The porometer used to measure stomatal conductance 
in this project was a Li-Cor 1600 Steady-State Porometer (Li-Cor, 
1981). 
Stomatal conductance/resistance field studies 
Most of the stomatal resistance/conductance research has been 
done on crops other than alfalfa, because of the difficulty of getting 
measurements from alfalfa's small leaves, and the difficulty in 
establishing good sampling techniques. 
Idso and Reginato (1982) established a relationship of leaf 
diffusion resistance of cotton with the CWSI. The relationship was 
curvilinear and became essentially a vertical line at a CWSI of 0.7. 
At various points on the curve, the data scatter ranged from about ± 
0.1 CWSI to ± 0.2 CWSI. A Li-Cor 1600 Steady-State Porometer was used 
to collect the data. 
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Another study by Idso et al. (1984a) discussed the stomatal 
conductance of water hyacinth in relation to the CWSI. Water hyacinth 
was stressed by removing all the free water from the water tanks in 
which they grew. The ratio of water-stressed stomatal conductance to 
non-water-stressed conductance was plotted with the CWSI values of the 
water hyacinth treatments. A curve resulted for which the ratio of 
stomatal conductances was 1.0 when the CWSI was 0.0. As the CWSI 
increased, the stomatal conductance ratios decreased. 
Carter and Sheaffer (1983b) measured leaf conductance of alfalfa in 
response to soil-water deficits using a Li-Cor 1600 Steady-State 
Porometer. Their sampling was conducted on a fully-expanded, 
sun-exposed, uppermost leaf. The upper and lower measurements were 
taken on different leaflets of the same leaf. Leaf conductance varied 
among treatments, with the least-stressed treatments having highest 
conductance values, as expected. On a diurnal basis, leaf conductance 
ranged from 0.03 m/s to 0.015 m/s at midday to 0.01 m/s and 0.005 m/s 
at 1800 hours on 8 August 1981 during the pre-bud stage. Leaf 
conductance values for the highly stressed treatment on subsequent 
sampling days did not rise above 0.005 m/s. Other conductance values 
decreased somewhat after the pre-bud stage, but remained relatively 
constant till 10% bloom, which occurred on 15 August 1981. 
Leaf conductance and canopy temperature showed a somewhat 
2 ill-defined linear relationship with an r of 0.44 and n-29. 
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MATERIALS AND METHODS 
The experiment was conducted in 1983 and 1984 at Iowa State 
University's Hinds Irrigation Farm, located 1.6 km north of Ames, lA. 
The experimental plots were located under a rain shelter. The rain 
shelter consisted in part of an 8 x 27 array of 120 1 capacity 
containers filled with Nicollet loam topsoll (Aqulc Hapludolls, 
fine-loamy mixed mesic) and set into the ground so that about 6 cm of 
container remained above ground level. 
This experiment was a joint project that involved alfalfa forage 
quality as affected by water-deficit-stress. See Halim (1986) for 
details about the forage quality portion of the experiment. 
The Nicollet loam topsoll had 33% sand, 40.9% silt, and 26.1% clay 
(Wynne, 1976). The soil can hold 159 mm of available water per meter. 
Fifteen cm of water per container were retained at -0.03 MPa and 8.3 cm 
of water were retained at -1.5 MPa (Loveland, 1980). 
The containers were in eight columns with 27 containers per 
column. Narrow walkways separated the columns so that distance from 
center to center of the containers was 76 cm. There was no separation 
between containers within a column. Container dimensions were 51 cm 
uppermost diameter and 56 cm in depth. 
Each container was a galvanized metal garbage can lined with 
plastic to help prevent zinc toxicity to plants. Neutron access tubes 
were permanently installed in the center of each container and 
extended to the bottom of the container. Underneath the containers 
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was a bed of sand to facilitate drainage. Each container had a 
drainage hole in the bottom of about 2-cm diameter. 
The other portion of the rain shelter unit was the shelter 
structure itself. The shelter was a movable metal building that ran 
along a pair of rails which bracketed the container array. The shelter 
was controlled by a rain sensor which caused the electric motor and 
pulley system to engage when water touched the sensor. The shelter was 
pulled over the container array in less than 1 min. Automatic 
garage doors lowered at each end of the shelter, stopping about 
0.3 m above the ground, thus preventing rain blow-in, but 
allowing some ventilation. Because the shelter structure was metal, no 
solar radiation was transmitted through the walls or roof, although a 
small amount was transmitted through the gafage doors at each end. 
Thirty minutes after the rain sensor dried, the shelter moved off 
the plot area. 
Experimental design was a split-plot with five replicates, 
five whole-plot treatments, and eight sub-plot treatments. Whole and 
subplot treatments were sequential harvests and irrigation levels, 
respectively. 
Plot randomizations for 1983 and 1984 are shown in Fig. 1 and 
2. In 1984, some containers with poor stands or poor drainage 
after overwintering were eliminated. Containers which functioned as 
border containers in 1983 were substituted for these containers. 
In 1983, soil samples were taken and containers were fertilized 
with 60 kg/ha of PgOg and 200 kg/ha K^ O in accordance with 
Fig. 1. Field plot randomization for split-plot alfalfa 
experiment in 1983. 'R'= replicate, 'H'= harvest 
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R H TREATMENT 
2 8 2 3 6 1 4 5 7  
1 8 3 4 6 1 2 7 5  
1  4  1 7 4 5 3 6 2 8  
3  4 5 6 2 7 8 1 3  
5  6 4 2 7 5 8 3 1  
2  7 2 - 4 6 8 1 5 3  
4  6 4 3 8 2 7 5 1  
2  5  3 8 1 7 6 4 5 2  
3  7 2 8 5 6 1 4 3  
1  3 5 2 8  1  7 6 4  
3  4 7 6  3 5 2 1 8  
4  7 8 4 6 5 2 3 1  
3  1  8 5 4 3 7 6 2 1  
5  8 4 5 2 6 1 3 7  
2  5 2 8 7 4 6 1 3  
1  6 1 8 4 3 7 2 5  
3  2 8 1 7 3 6 4 5  
4  2  6 8 5 2 3 7 4 1  
5  2 3 4 7 6 8 1 5  
4  2 4 6 5 1 8 7 3  
5  6 4 1 7 8 2 5 3  
2  4 1 8 6 5 2 7 3  
5  3  3 6 7 8 5 2 1 4  
4  8 1 6 4 2 5 3 7  
1  6 4 8 5 1 3 7 2  
Fig. 2. Field plot randomization for split-plot alfalfa 
experiment in 1984. 'R'= replicate 
59 
R HARVEST AND TREATMENT; ##, RESP. 
4 5  4 1  4 4  4 8  4 3  4 6  4 7  
1 8  3 2  1 4  1 5  1 3  1 6  1 1  — 
1  3 3  3 5  3 1  3 8  3 6  3 7  3 4  1 7  
5 7  5 4  5 3  5 1  5 5  5 6  5 2  3 2  
2 4  2 1  2 6  2 7  2 2  2 5  2 8  5 8  
5 4  5 5  5 6  5 1  5 8  5 3  57 L2L 
2 8  2 4  2 2  2 6  2 3  2 5  2 7  5 2  
2  3 7  3 2  3 1  3 4  3 8  3 6  3 3  2 1  
] 2  1 5  13. 1 6  1 7  1 8  1 1  3 5  
4 7  4 9  4 5  4 3  4 1  — 1 4  
2 5  2 3  2 2  2 4  2 6  2 7  4 6  4 4  
4 8  4 3  4 5  — 4 6  4 4  2 8  2 1  
3  23 1 4  — 1 7  4 1  4 2  4 7  — 
5 8  5 3  5 6  1 6  1 1  12 1 8  1 5  
3 4  3 1  3 8  5 7  5 4  5 5  5 1  5 2  
3 3  3 5  3 3  3 7  3 2  3 5  3 6  5 6  
3 2  3 4  3 6  3 7  3 8  3 1  -- —— 
5 7  5 5  5 7  5 8  5 2  5 3  5 6  5 4  
4  2 1  2 3  2 2  2 5  2 8  2 7  2 4  2 6  
— 1 5  1 4  1 7  1 2  1 6  1 1  1 3  
1 8  4 8  — 4 2  4 5  4 6  4 4  4 1  
4 3  4 7  3 7  3 2  3 3  3 4  3 8  3 6  
JL 3 5  5 8  5 2  5 5  — 5 4  5 1  
5 3  5 7  1 2  1 3  1 4  1 8  1 6  1 1  
5  ] 5  1 7  4 3  4 5  4 4  4 6  — 
— 4 2  4 8  4 1  4 7  2 8  2 4  — 
— 2 5  2 7  2 2  2 3  2 1  2 6  — 
N 
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soil test recommendations. 'Apollo II' alfalfa was planted in the 
containers on 20 April 1983 at a seeding rate of 20 kg/ha. The 
containers were reseeded as needed and thinned to obtain uniform stands 
within the containers. Plant density ranged from 80 to 120 
plants per container. The alfalfa was watered before and after planting 
as needed to aid stand development. The borders between the container 
columns and the rain shelter rail were planted to alfalfa, as well as 
the spaces at each end of the container array. On 14 July and 19 July 
1983, the alfalfa was treated with malathlon to control leafhopper. 
All herbage was clipped on 18 July 1983 to a height of 64 mm and 
removed before the start of the experimental period. Border areas were 
clipped at about the same time. In 1984, the alfalfa was clipped on 25 
June 1984 and the experimental period started. The first Irrigation 
treatments were imposed on 19 July 1983 and 2 July 1984. 
The treatments Imposed on a whole plot basis were 5 weekly 
harvests that began 3 weeks after all herbage was removed. Subplots 
were five irrigation treatments designed to create a gradient of 
yields. At each irrigation during regrowth, the plots of each treat­
ment were irrigated to a pre-determined level of water. The 
pre-determined soil-water levels were calculated from field-capacity 
(FC, 15.0 cm water/container) and wilting point (WP, about 8.0 cm 
water/container) (Loveland, 1980). Four levels of soil water were 
selected between FC and WP. A fifth soil-water level was added that 
exceeded FC. Table 1 shows treatments and resulting soil-water 
levels for the five gradient treatments. 
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Table 1. Levels of desired soil moisture and relation 
to soil field capacity 
Treatment Soil moisture level Field capacity 
-cm- -%-
T8 16.75 112 
T1 15.00 100 
T2 13.25 88 
T3 11.50 77 
T4 9.75 65 
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The remaining three treatments were initially watered up to 100% FC 
except that irrigations were not applied for 1 week at particular 
stages of growth. Water was withheld from T5 during the pre-bud stage, 
from T6 during the bud stage, and from T7 during flowering. Table 
2 lists irrigations and dates water was withheld for 1983 and 1984. 
Amounts of water to be added to each container were calculated 
from neutron probe soil-moisture data. The equation 
cm water - -1.8136 + 21.6158(CR) related the count ratio (CR) from the 
neutron probe data to the amount of water to be added to each 
container. In 1983, initial soil-moisture data were collected from 
every container. Thereafter, a subsample was collected in two 
replicates and calculated data were averaged for each treatment. 
In 1984, soil moisture was calculated for each container before each 
irrigation and amounts of water to be applied were calculated for each 
individual container. 
Each time neutron probe data were collected, the probe was lowered 
into the access tube to a pre-marked depth. Therefore measurements 
were taken at the same soil depth each time. No other depths could be 
considered for measurements because of possible interference from air 
at the soil-air interface, or because of potential damage to the probe 
by lowering it too far in the access tube. 
Water was applied using ordinary garden hoses fitted with a 
drip-Irrigation system valve which metered the water out at a known 
rate. Stop watches were used to time the application of water into 
each container. The amount of water applied was varied by varying the 
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Table 2. Irrigation dates in 1983 and 1984 and dates on which 
water was withheld from treatments T5, T6, and T7 
Year Date Day of year Water withheld 
1983 19 July 200 no 
1983 23 July 204 no 
1983 2 Aug. 214 T5 
1983 10 Aug. 222 T5 
1983 16 Aug. 228 T6 
1983 24 Aug. 236 T7 
1983 1 Sept. 244 no 
1984 2 July 184 no 
1984 5 July 187 T5 
1984 8 July 190 T5 
1984 11 July 193 T5 
1984 14 July 196 T5 
1984 17 July 199 T6 
1984 20 July 202 T6 
1984 24 July 206 no 
1984 27 July 209 no 
1984 1 Aug. 214 no 
1984 3 Aug. 216 no 
1984 7 Aug. 220 T7 
1984 10 Aug. 223 T7 
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irrigation period. 
Canopy temperature was measured using an Everest Interscience 
Model 120 hand-held Infrared thermometer (IRT). The spectral band-pass 
of the instrument was 8 to 14 microns with a resolution of 0.1°C and a 
field of view of 2°. Emissivity was set to 0.98. 
Canopy-temperature data collection began when the regrowth was 
about 15 cm tall. In 1983, canopy temperature was measured between 
1200 and 1400 hours for all days from 1 August 1983 to 2 September 1983 
except 6, 8, 13, 14, 15, 21, 22, and 28 August. In 1984, canopy 
temperature measurement began on 11 July 1984 and ended on 11 August 
1984. No canopy temperature data were collected on 14, 26, 28, or 
29 July, or on 2 and 12 August 1984. Canopy temperature data were taken 
on all days regardless of cloud conditions. On partly cloudy days, 
data were taken only when the sun was not behind clouds. 
Wet and dry bulb temperatures were collected concurrently with 
canopy temperature three to five times between 1200 and 1400 hours 
using a Bendix Psychron Model 566 aspirated psychrometer. The 
psychrometer was held approximately 1 m above crop height. Data were 
used to determine vapor pressure deficit (VPD) from standard 
psychrometric tables. 
Because of the narrow east-west walkway in the container array, 
canopy temperature was measured from the north side of the containers 
to avoid interference from shadows. The IRT was held at an oblique 
angle in order to sense only foliage. Distance of the thermometer from 
the foliage was relatively constant, except when sparse foliage in 
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highly stressed treatments required a closer approach. 
In 1984, windspeed data were collected simultaneously with each 
canopy temperature measurement. The instrument used was a hand-held 
anemometer (Compact Instruments, Inc., Type HA/6) which averaged 
windspeed over a 10 second period. 
At each harvest during the experiment, the designated containers 
were clipped to ground level to collect any basal regrowth and the full 
stem length. The alfalfa from each container was stored in a labelled 
woven cloth bag and transported to a preparation laboratory, where 
fresh weight was measured and separate subsamples collected for 
dry-weight analysis and leaf-area measurement. Leaf area was 
measured with a Licor leaf-area meter (Licor Area Meter 3000). 
Stem height was measured with a ruler to the most recent node with an 
unrolled subtending leaf. Maturity stage was estimated using the 
staging-by-count method of Kalu and Pick (1981). Leaf and stem 
dry weights were also determined from the leaf-area subsample after the 
leaves were separated from the stem. No attempt was made to separate 
each leaflet. Alfalfa stems from a different subsample were separated 
into tops and bottoms by severing the stem just above the sixth node. 
All samples were dried at 65* C for at least 48 hours. 
Harvest customarily took 2 days to complete. Replicates 1, 2, 
and 3 were clipped on the 1st day. Any samples not completed the 
1st day were stored in plastic bags in a refrigerator. Replicates 
4 and 5 were clipped on the 2nd day. 
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PART I. CALCULATION OF THE CWSI 
Introduction and Materials and Methods 
The use of canopy temperature as an indicator of plant-water 
status was discussed in the literature review. A more effective way of 
delineating crop water stress than simply canopy minus air temperature 
(Tc-Ta) is the Crop Water Stress Index (CWSI), which recognizes that 
vapor pressure deficit (VPD) strongly affects Tc-Ta (Ehrler, 1973). 
Idso et al. (1981a) introduced the empirically calculated CWSI. 
Jackson et al. (1981) developed the theoretical basis for the CWSI. 
Both theoretical and empirical methods have been used for calculation 
of the CWSI in field experiments and further investigations have 
enhanced knowledge of the environmental factors that most affect the 
CWSI (O'Toole and Hatfield, 1983; Jackson et al., 1981). 
This thesis section is a discussion of the calculation methods of 
the CWSI, the baseline equations and upper limit employed, and an 
analysis of wind speed effects on Tc-Ta and the CWSI. 
The Crop Water Stress Index 
The CWSI calculations are based on the Tc-Ta vs. VPD relationship 
of Ehrler (1973), and developed by Idso et al. (1981a). Canopy minus 
air temperature of well-watered alfalfa is regressed against VPD. The 
resulting regression line is called the "lower baseline", or often the 
"lower limit". This regression line represents a mean value of the 
change in Tc-Ta over ranges of VPD and is considered the potential 
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transpiration line. Using the regression line approach, it is 
possible to have negative CWSI values, although theoretically, the CWSI 
range is from 0 to 1. 
The upper limit, on the other hand, represents the largest (most 
positive) value of Tc-Ta at which transpiration ceases at a given VPD. 
According to Jackson et al. (1981), the lower limit slope is dependent 
upon VPD, while the Intercept term is dependent upon net radiation, 
air temperature, and aerodynamic resistance to vapor transport. 
The upper limit depends upon net radiation and convective-heat 
dissipation (expressed in the aerodynamic resistance term). 
In this experiment, data collection for CWSI calculation purposes 
Included canopy temperature, air temperature, VPD, and wind speed 
simultaneously with canopy temperature in 1984. Net radiation was 
neglected because it was not practical to measure it in the container 
array. 
The CWSI is graphically portrayed in Fig. 3. Level of stress for 
a particular data point is calculated as the ratio of the distance of ' 
the data point from the lower baseline to the distance between the 
upper and lower limits. If the data point lay on the lower limit, its 
CWSI value would be 0, if on the upper limit, the CWSI value would be 1. 
The original calculation method (Idso et al., 1981a) involved a 
recalculation of the upper limit for different air temperatures. But 
because the upper limit was only weakly dependent upon air temperature, 
Jackson et al. (1981) and Abdul-Jabbar et al. (1985) felt that this was 
"fine-tuning" an empirical quantity to an extreme not warranted by the 
UPPER LIMIT (UL): NO TRANSPIRATION 
^TC-TA = 0 
•B 




VAPOR PRESSURE DEFICIT (VPD), (kPa) 
3. Graphic portrayal of the Crop Water Stress Index (CWSI) 
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nature of the regression-calculated lower baseline. Therefore Jackson 
et al. (1981) used a mean value of Tc-Ta - +5 for their upper limit 
after investigating the range of values obtained for the upper limit 
for wheat over VPD. Abdul-Jabbar et al. (1985) found a maximum value 
of +4 "C for their upper limit with alfalfa and assigned it as the 
upper limit value. 
This practice was followed for this experiment also, after the 
author calculated mean values of Tc-Ta on alfalfa with wilted leaves 
(T5, 1983) at midday. The value of +5 was used as the upper limit, 
which agrees with the upper limit of +5 for wheat (Jackson et al., 
1981). 
Because potential transpiration is affected by radiation load (net 
radiation), only clear days in 1983 and 1984 were selected to develop 
the transpiration baseline (lower limit). Only T8 was used in the 
baseline calculations because it was clearly the well-watered treatment 
in 1983 and 1984 by design and results. The Tc-Ta vs. VPD regressions 
were calculated separately for both years and compared to the alfalfa 
baselines developed by Idso et al. (1981a) and Abdul-Jabbar et al. 
(1985). 
For 1983 alfalfa, the baseline developed was 
Tc-Ta - 3.004 - 1.71*VPD(kPa), r^  - 0.62, n-200. 
The 1984 baseline equation was 
Tc-Ta - 2.97 - 2.036*VPD(kPa), r^  - 0.19, n-195. 
No satisfactory reason was found for the lack of fit in 1984. 
Equations developed by Idso et al. (1981a) and Abdul-Jabbar et 
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al. (1985) were 
Tc-Ta - 0.506 - 1.92*VPD(kPa) - 0.91 (Idso et al., 1981a), 
Tc-Ta - 0.960 - 1.93*VPD(kPa) ), - 0.70, n-116, 
(Abdul-Jabbar et al., 1985). 
Klrkham et al. (1983) developed baseline equations for 1980 and 
1981 alfalfa data: 
Tc-Ta - 1.08 - 1.26*VPD(kPa), r^ -0.60, 1980, 
Tc-Ta - 6.19 - 3.93*VPD(kPa), r^ -0.85, 1981. 
Significant differences were found for slopes and intercepts of the two 
equations and it was postulated by Kirkham et al. that the narrow range 
of VPD in 1981 was a factor in the slope differences. 
The baseline equations developed for this alfalfa experiment had 
higher intercepts than any other equations shown here, except the 1981 
equation of Kirkham et al. (1983). The 1983 and 1984 alfalfa data from 
this experiment were pooled and a baseline calculated; 
Tc-Ta - 2.45 - 1.58*VPD(kPa), r^  - 0.50, n-395. 
The slope of the 1984 equation was more similar to the slopes of 
the Idso and Abdul-Jabbar equations. Pooling the years lowered both 
the intercept and the slope values. 
Intercepts were probably higher than the Idso and Abdul-Jabbar 
intercepts because of the structure of the weather shelter plots. Idso 
et al. (1981a), Abdul-Jabbar et al. (1985), and Kirkham et al. (1983) 
conducted large plot field studies. This alfalfa experiment was 
container-grown alfalfa set in a field environment. There were metal 
container rims around each experimental unit (container diameter was 
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0.51 m), a metal neutron access tube in the center of each experimental 
unit, and a large amount of bare ground in the form of walkways between 
each column of containers. It is quite likely that the alfalfa had 
a significantly higher heat radiation load than it would have had in a 
large field plot situation. Large scale air masses were hopefully 
modified by the large alfalfa field south of the container array, but 
the array itself was rampant with microclimate effects. At VPD - 0, 
the plant has little ability to modify its temperature through 
transpiration, and so must depend upon convective transport for heat 
dissipation. 
. Results and Discussion 
Wind speed effects on the CWSI 
The windspeed data collected in 1984 were not used in any 
calculations of the CWSI that were subsequently matched with yield data. 
Because windspeed data were not collected in 1983, it was deemed 
inappropriate to use windspeed for the 1984 CWSI in the pooled data 
sets. 
But analysis of the effects of windspeed on the CWSI calculated 
with only the upper limit modified (O'Toole and Hatfield, 1983) and 
CWSI calculated with windspeed in both upper and lower limits showed 
that windspeed can favorably modify the CWSI. 
The upper limit modification involved using the upper limit as 
calculated by Idso et al. (1981a) subtracted from the actual 
Fig. 4. Comparison of effects of windspeed incorporation into 
upper and lower limits of the CUSI and the CWSI 
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field-evaluated upper limit (O'Toole and Hatfield, 1983) and regressing 
the difference against windspeed. The modification became the Idso 
upper limit plus the windspeed regressed actual-calculated difference. 
For the alfalfa data, the equation used was 
Tc-Ta - 2.97 - 2.04*VPG + (0.79 - 0.31*WIND), where VPG was the 
absolute value of the difference between saturation vapor pressures of 
air and canopy temperatures. The bracketed quantity is from O'Toole 
and Hatfield (1983), and is the equation of actual minus calculated 
upper limit vs. windspeed for field bean. They considered field bean 
and alfalfa to have similar canopy aerodynamic properties and so 
alfalfa would probably have a similar equation. On this justification 
the field bean equation was used in this study. 
The lower limit incorporated wind by adding wind as an independent 
2 
variable in the Tc-Ta vs, VPD regression. The R value was improved 
from 0.19 (VPD only) to 0.37 with the inclusion of windspeed. 
The CWSI was calculated for each method and compared to the CWSI with no 
wind modifications (Fig. 4). The CWSI values did not seem to vary 
from one another, but close scrutiny revealed that the upper-lower 
limit corrected CWSI seemed to have more moderate CWSI values than 
the other two indices. The upper/lower limit modification seemed 
to more often stay within the theoretical boundaries of the CWSI. Day 
207 was not included in any other analysis, but was illustrated in Fig. 4 
to show the moderating influence of upper-lower limit calculated CWSI on 
a day with VPD of 0,2 kPa. The other two CWSI data points are not on the 
plot, but had CWSI values as low as -4.0 (upper limit modified) 
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and -6.0 (no modifications). Clearly, the upper-lower limit 
modified CWSI moderated the CWSl value strongly, although still a 
comparatively low value. Researchers in Arizona have found that the 
CWSI fails under excessive humidity, such as after a rain (Pinter, 
1985, U. S. Water Conservation Lab., 4331 E. Broadway, Phoenix, AZ 
85040, personal communication). 
These results indicate that the CWSI by any method is not 
applicable under high humidity, but that windspeed corrections on the 
upper and lower limits can modify the CWSI favorably. 
Windspeed effects on Tc-Ta 
Windspeed effects on Tc-Ta on a given day at a given VPD were 
analyzed. Only clear days were chosen so that radiation load for each 
cânopy temperature would be as constant as possible over the 
daily measurement period. The days chosen had a VPD range of 1.44 kPa 
to 2.45 kPa. Air temperature ranged from 23.6'C to 31.4°C. 
Slopes of Tc-Ta regressed on windspeed were computed on each clear 
day in 1984 for data over all replicates and treatments but only from 
the Harvest 5 whole plot, because Harvest 1-4 were not continuous over 
the days chosen. The largest changes of Tc-Ta with windspeed were over 
days 193, 198, 218, 203, 205, and 222 (Table 3). Most slopes were 
negative, indicating that increasing windspeed made Tc-Ta more 
negative. On day 219, however, the slope was positve, and of the same 
absolute magnitude as the slope on day 205. The higher VPD occurred on 
day 205 (1.80 kPa), but air temperature was the same. Days 205 and 219 
were both 3 days past irrigation. Day 219, however, had a lower range 
76 
Table 3. Slopes and Intercepts of Tc-Ta : wlndspeed regressions by 
days over all treatments and replicates. Air temperature-CTa), 
VPD, days past Irrigation (DPI), wlndspeed range, n and r are 
listed 
Day Intercept Slope r2 Ta VPD DPI N Wlndspeed ra: 
- •c - -kPa- m/s 
193 0.87 -0.71 0.320 27.2 1.88 0 40 0.00-2.25 
197 0.32 0.28 0.010 27.5 1.69 1 40 0.00-2.70 
198 1.33 -0.92 0.160 26.7 1.51 2 40 0.00-3.15 
200 2.10 -0.04 0.001 23.6 1.44 1 40 0.00-2.25 
202 0.64 -0.04 0.001 28.6 1.67 0 40 0.00-2.25 
203 0.76 -0.34 0.077 29.7 1.52 1 40 1.35-4.00 
204 -1.60 0.10 0.010 31.4 2.08 2 40 0.90-5.80 
205 0.99 -0.37 0.010 30.6 1.80 3 40 0.00-3.15 
218 0.77 -0.55 0.110 30.0 1.58 2 40 0.00-3.60 
219 0.67 0.38 0.010 30.6 1.55 3 40 0.00-1.35 
221 -0.74 0.11 0.004 31.1 1.95 1 40 0.00-2.25 
222 -0.74 -0.46 0.060 29.4 2.45 2 40 0.00-3.15 
223 0.73 -0.04 0.001 26.7 1.74 0 40 0.00-3.60 
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of wlndspeeds than day 205: 0.0-1.35 m/s on day 219 compared to 
0.0-3.15 m/s on day 205. 
The strongest changes of Tc-Ta with wlndspeed seemed to be on 
days that were no more than 2 days past irrigation, at moderate to high 
2 VPD, and at moderate to high wlndspeeds. The r values were quite low, 
but as discussed earlier, Tc-Ta is highly correlated with VPD and only 
weakly related to windspeed, although wind aids transpirational cooling 
by removing water vapor from the leaf boundary layer. Treatment 
2 
effects were another reason why r values were low. To discuss 
effects of water stress in response to windspeed, a separate slope was 
calculated for each treatment on each day (Table 4). 
The slopes were quite variable and no concrete conclusions could 
be drawn. However, if negative and positive slopes were averaged 
together within each treatment, T7 and T4 showed the strongest overall 
response to windspeed. If negative and positve slopes were averaged 
separately within treatments, T4 showed the strongest mean negative 
slope response, while T4 and T6 showed the strongest response among 
positive slope means. 
This suggests that highly stressed treatments respond most to 
cooling by wind. Considering that the CWSI upper limit is 
theoretically defined such that Tc-Ta is dependent upon radiation and 
convection, the results of the slope analysis are expected. 
Because of the small n (5) used in the calculation of the separate 
slopes, it is inadvisable, as stated before, to accept these results as 
final. Obviously, the data only suggest that T4 might be more affected 
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Table 4. Slopes of Tc-Ta regressed on windspeed separated by 
treatment 
Treatment 
Day 1 I 3 4 5 6 7 8 
193 -0.17 -1, ,10 -0.14 -1.25 0.33 -1.11 -0.61 -0.21 
197 -1.71 -0, ,95 -0.97 -0.36 -0.53 -0.36 -0.54 -0.22 
108 0.001 -0. ,06 0.08 -0.36 -1.13 -0.11 -0.08 -1.05 
200 0.18 1, ,27 0.45 -1.54 0.35 2.12 -2.30 -0.22 
202 0.17 0. 03 0.48 -0.13 0.00 0.61 -0.15 -0.11 
203 -0.50 0. 33 0.09 0.40 -0.67 1.90 0.19 -0.13 
204 0.20 0. 18 0.34 1.39 -0.59 0.08 -0.06 -0.22 
205 -0.56 -0. 94 0.14 -1.61 -1.56 0.40 -0.82 -1.17 
218 -0.48 -1. 14 -0.50 -3.24 -0.65 -0.29 -0.14 -0.07 
219 1.57 0. 75 -1.22 0.96 -0.52 0.72 0.00 -0.73 
221 -0.01 -0. 33 0.92 0.69 0.99 -0.95 -1.80 0.42 
222 -0.12 -0. 79 -0.70 -0.51 -0.55 0.10 -0.09 -0.34 
Overall 
mean -0.12 -0. 23 -0.09 -0.46 -0.38 0.26 -0.53 -0.34 
Mean 
negative 
slope -0.51 -0. 76 -0.71 -1.13 -0.78 -0.56 -0.66 -0.41 
Mean 
positive 
slope 0.42 0. 51 0.36 0.86 0.56 0.85 0.19 0.42 
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by wlndspeed than well-watered treatments, but this tentative result 
should be subjected to rigourous testing using energy balance 
techniques. 
Summary 
Major points made in this section: 
1. The CWSl was defined and discussed. 
2. The CWSI was calculated with a single upper limit value of +5°C. 
3. Differences in intercepts among various alfalfa lower limits were 
found. Slopes were more similar than intercepts. 
4. The pooled baseline equation for this alfalfa data was 
Tc-Ta - 2.45 - 1.58*VPD(kPa), r^  - 0.50, n-395. 
5. Wind speed incorporated into upper and lower limits tended to 
moderate the cWSI. 
6. Strongest Tc-Ta : windspeed responses seemed to be on days where 
there was moderate to high VPD, moderate to high windspeeds, and no 
more than 2 days past irrigation. 
7. Canopy minus air temperature responses to windspeed separated by 
treatment showed that highly stressed treatments seemed more 
responsive to windspeed changes. 
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PART II. ALFALFA YIELD AND CWSI RELATIONSHPS DURING A GROWTH CYCLE 
Introduction 
Remote sensing technology has been developed in an effort to use 
satellite sensors to assess world-crop yields. Many applications of 
this technology have emerged, and the hand-held infrared thermometer 
has generated much interest in the use of canopy temperature to 
estimate yield of water-deficit-stressed crops. 
Several researchers have demonstrated that a relationship does 
exist between canopy-temperature based stress indices and yield. 
Idso et al. (1977) derived the "stress-degree-day" (SDD), which was the 
difference of air temperature from canopy temperature (Tc-Ta). The 
summation of SDD values for wheat (Triticum aestivum L.) was linearly 
related to wheat grain yield. Reginato et al. (1978) showed that forage 
yield was linearly and highly correlated with accumulated SDD. Although 
it was expected that the yield-SDD relationship would show crop 
specificity, it was not known whether location specificity existed 
as well. Idso et al. (1979, 1980) found that the relationship did 
differ over location. An effort was made to normalize the data for 
climate differences by using total solar radiation received from 
emergence to heading of wheat. When the data were normalized for 
environmental variables, the linearity became an exponential curve that 
included data from wheat, barley (Hordeum vulgare L.), alfalfa 
(Medicago sativa L.), soybean (Glycine max (L.) Merr.), grain sorghum 
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(Sorghum bicolor (L.) Moench), and red kidney bean (Phaseolus vulgaris 
L.). It should be noted that the yield axis was normalized for climatic 
variability in this study. 
A different approach was introduced by Idso et al. (1981a), who 
normalized the stress index axis for climatic variability. The resulting 
stress index was called the Crop Water Stress Index (CWSI) and 
consisted of regressing the Tc-Ta differential against vapor pressure 
deficit (VPD), as first suggested by Ehrler (1973). This was the "lower 
baseline", the level at which a crop should be fully transpiring. The 
upper limit was the level at which no transpiration occurred. The CWSI 
was then the ratio between the distance from a datum point and the 
lower baseline and the distance from the lower baseline to the upper 
limit at a given VPD. Use of the CWSI to predict final yield (Iddo et 
al., 1981b) resulted in an exponential curve similar to the one 
generated by Idso et al. (1980). The difference was that the stress 
index axis, not the yield axis, had been normalized for climatic 
variability. 
Gardner et al. (1981a) found that a second-order polynomial fit 
sorghum yield vs. the temperature-stress-day index (TSD). 
Apparently using the same index (midday Tc minus midday well-watered 
Tc), Gardner et al. (1981b), found a linear relationship of corn yield 
to the stress index employed. The data, however, could possibly be 
refit to a curvilinear function. 
It should be pointed out that although Gardner et al. (1981a) did 
not use a stress index that was explicitly normalized for yield, their 
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TSD index could be considered essentially normalized for climate 
variability (Berliner et al., 1984). Therefore it is not surprising 
that the sorghum data shoved the curvilinear relationship. 
Abdul-Jabbar et al. (1985) depicted alfalfa yield vs. mean CWSI as 
a linear relationship. However, the data points for each of the three 
harvests exhibited three distinctly curvilinear relationships of yield 
and mean CWSI. 
Evidence suggests strongly that there is a definitive relationship 
between yield and canopy-temperature-based stress indices, and that the 
relationship tends to be curvilinear when yield or stress axes are 
normalized for environmental variability, with exceptions (Pinter et 
al., 1983). What have not been studied, however, are the effects of 
water stress upon alfalfa growth throughout a growth cycle. Questions 
that we seek to answer Include; 
1. How are water use, alfalfa yield, and water use efficiency 
affected by water-deflclt-stress? 
2. What are the effects of sustained water stress on alfalfa total 
dry weight yield at Intervals during one growth cycle? 
3. Is water-stressed alfalfa yield described by a curvilinear 
relationships throughout the growth cycle as suggested by other data 
from final harvests? 
4. Does the CWSI offer significant advantages over using Tc-Ta to 
quantify alfalfa water stress? 
In 1983 and 1984, we conducted an experiment which would allow us 
to measure alfalfa yield response to steadily maintained water stress 
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during one growth cycle. In this section, we shall discuss the 
yield-canopy temperature relationships which were developed from the 
data. 
Materials and Methods 
The CWSI used in this section was derived as described in the 
previous section, but was handled for matching with yield data by 
averaging the CWSI values over the period from initial data collection 
up to the time of harvest. Therefore, for each successive harvest, the 
CWSI used was based on more data points. Some approaches in past 
literature used summations of the CWSI, but when data could not be 
collected on every day, it seemed a better approach to use averages. 
One advantage of averages is that the conceptual value of the CWSI is 
retained. The data used for analysis in PART II included only 
treatments 8, 1, 2, 3, and 4. 
Results and Discussion 
Water use and yield 
Water use was determined by the soil water balance technique 
(Rosenberg et al., 1983). Runoff and rainfall were zero in both 
years, and drainage was considered negligible. The time period over 
which water use was calculated was the entire period over which Tc 
was measured, 30 days in both 1983 and 1984. Total water use ranged 
from 100 ram (T4, 1983) to 456 mm (T8, 1984), (Table 5). 
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Table 5. Average total water use over the Tc measurement period 
(30 days) in 1983 and 1984 
Treatment Total water use 
-mm- -mm-
1983 1984 
T8 307 456 
T1 242 366 
T2 193 325 
T3 139 291 
T4 100 174 
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Water use in 1984 was higher than in 1983. In 1984, water was 
applied more frequently, and ranged in amounts from 132 mm (T4) to 402 
mm (T8) over the 30-day period, whereas in 1983, water applied ranged 
from 92 mm (T4) to 286 mm (T8) over a comparable period. In addition, 
yield was greater in 1984 than in 1983 (Fig.5). The implication was 
that if the 1983 alfalfa had received more water, its yields would have 
been comparable to 1984 yields. Logically, it follows to ask whether 
the 1983 data showed more stress than the 1984 data. This question will 
be addressed in the section on yield and CWSI. 
As expected, the water-use-yield data had a linear relationship 
when the two years were considered together. Within each year, however, 
there seems to be a levelling-off trend at the higher water use and 
yields in each year. 
The treatments showed good separation in 1983 (Fig. 5), thus 
indicating that the irrigation method chosen worked well. In 1984, 
irrigations were more frequent, and treatment separation was not as 
clear-cut. Also, 1983 was à hotter, drier year than 1984, so atmospheric 
demand was not as great in 1984, although the photoperiods were shorter 
in 1983 because data was collected in the summer. The little scatter in 
the data for both years can be attributed to several factors. The 
neutron probe assessed only one level in the container, so some 
inaccuracy would be expected in correct evaluation of soil-water 
content. Secondly, drainage could not be accounted for and so remains 
a source of uncertainty. Last, in some instances, applied water 
percolated through crevices which sometimes opened at the container-soil 
r 
Fig. 5. Water use and total dry weight yield per container (treatment 
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or access tube-soil Interfaces, because of the slight shrink-swell 
characteristics of the Nicollet loam topsoil. Another source of 
variability to be considered for this discussion and subsequent 
discussions is the variability in plant density among containers. To 
some extent, alfalfa is capable of compensating for stand differences, 
and this compensation effect was probably enough to even out stand 
differences within a treatment. Despite the limitations of the 
container system for measuring soil-water content, there was remarkably 
little variability in the yield-water use data. 
Water Use Efficiency 
Water use efficiency (WUE) is the amount of dry matter produced by a 
unit measure of water. Water use was measured in millimeters in this 
experiment, so WUE is grams of dry matter produced per mm of water used. 
The stressed treatments generally had the greatest WUE. In 1983, WUE 
ranged from 0.39 for T8 to 0.51 for T3 (Table 6). In 1984, WUE ranged 
from 0.37 (T8) to 0.46 (T3). 
Treatment 4 did not have the greatest WUE in either year. In 1983, 
T4 had only the third highest WUE. In 1984, it ranked a close second to 
T3. Reasons why T4 did not have the greatest WUE (as might be expected 
from the data trend, Table 6) could be that soil evaporation was higher 
in the T4 containers than other containers because the stands 
were sparse, or because forage can continue to produce similar amounts of 
dry matter to certain levels of stress. After that, yield is more 
severely affected than before. Viets (1966) discussed grain sorghum 
and winter wheat yield and WUE data for several irrigation levels. 
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Table 6. Water use efficiency (WUE) of alfalfa in 1983 and 
1984 
WUE 
Treatment 1983 1984 
-g/nnn- -g/mm-
T1 0.44 0.41 
T2 0.50 0.39 
13 0.51 0.46 
T4 0.49 0.44 
T8 0.39 0.37 
90 
For winter wheat, the greatest WUE occurred for preplant irrigation plus 
irrigation at 0.9 MPa of soil water potential, instead of for the 
preplant plus no in-season irrigation, which ranked third in WUE among 
the five treatments. The lowest WUE occurred when winter wheat was 
irrigated at 0.15 MPa of soil water potential. For grain sorghum, the 
least WUE was found for preplant plus no in-season irrigation. Again, 
greatest WUE occurred at moderate levels of water stress (irrigation at 
0.4 and 0.9 MPa, respectively). 
The patterns for WUE in 1984 were not as clear-cut. However, T8 had 
the lowest WUE in both years, and T3 the highest. 
Yield and CWSI 
At this point, it is necessary to discuss the feasibility of using 
both years of data as part of the same relationship. The water use-
yield plot suggests that the 2 years can be treated as part of the same 
line without introducing much error. Figure 6 shows that the 1984 
and 1983 yield-CWSI data separate by harvest, especially at Harvests 1 
and 2. The relationships for Harvests 3 and 4 seem to be more nearly 
along the same curve, particularly at the highly stressed levels. 
The 1984 alfalfa, which was less stressed than the 1983 alfalfa, 
continues the curvilinear relationship smoothly into the less-stressed, 
higher yield region. The conclusion is inescapable that the 1983 
alfalfa did not attain the yields of 1984 alfalfa because the plants 
were more stressed. In other words, the yield potential for both years 
was the same, water stress inhibited the 1983 alfalfa, primarily 
because plants were irrigated frequently in 1983 than 1984. 
Fig. 6. Total dry weight 
harvests in 1983 
yield and the Crop Water Stress Index over all 
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Further substantiation for the hypothesis that 1983 alfalfa was more 
stressed than 1984 alfalfa can be seen in Fig. 7. Stress 
accumulated faster in 1983 than in 1984 for T8. Figure 8 shows that 
the number of days the 1983 CWSI exceeded the 1984 CWSI was greater than 
the converse. 
Climatological evidence indicates that the 1983 growing season was 
more stressful than qhe 1984 season. Temperature departures from normal 
were much greater in 1983 (Table 7). Evaporation was slightly 
higher in 1983. Solar radiation, however, was similar for the 2 
experimental periods in both 1983 and 1984. Because evaporation is 
closely related to solar radiation received, this explains why pan 
evaporation was hardly different in 1983 and 1984. 
A relationship of yield and CWSI is also achieved by 
normalizing the 1983 and 1984 yield data to the 1984 harvest 5 yield 
maximum and converting to percent (Fig. 9). When percent yield was 
plotted against mean CWSI for each harvest, a series of increasingly 
curvilinear relationships resulted (Fig. 9). Exponential functions 
were fit to data from each harvest. The data were linearized with a 
natural log transform on the percent yield data. Coefficients of the 
2 
regression and r values are listed in Table 8. The exponential 
function describes a condition of yield reduction, denoted by the 
negative sign in the exponent. The exponential relationship is of 
form Y - a*exp(-dx), where Y is yield percent, a is size of the system 
at X - 0, d is the stress reduction coefficient, and x is mean CWSI. 
The "a" parameter can more accurately be called the well-watered yield 
! 
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Table 7. Mean monthly temperatures, departure from normal 
temperatures, Class^ A pan evaporation, and solar 
radiation In 1983 and 1984 
Temperature 









































Fig. 9. Percent total dry weight and CWSI values (treatment means) 
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Table 8. Exponential yield-CWSI equations, r-squared values, 
and N by harvest using pooled 1983 and 1984 data, 
where Y is yield 
Harvest N Equation 
1 10 Y - 37.8*exp(-1.134*CWSI) 0, .92 
2 10 Y - 55.3*exp(-1.288*CWSI) 0. ,94 
3 10 Y - 68.7*exp(-1.953*CWSI) 0. 92 
4 10 Y - 69.4*exp(-2.140*CWSI) 0. 94 
5 10 Y - 86.5*exp(-2.240*CWSI) 0. 96 
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percent value, Yww, so that Y - Yww*exp(-d*mean CWSI), 
When mean Tc-Ta was plotted against percent yield data, the data 
lost the curvilinearity which is apparent in the yield-CWSI figures 
(Fig. 10). Clearly only linear relationships can adequately describe 
the yield-Tc-Ta plots. This bears out the assertion that when the 
canopy temperature data are normalized with the VPD, the yield-CWSI 
relationship becomes distinctly curvilinear. Clearly, the two years do 
not even fit the same line. 
The yield-CWSI curves for each harvest converge at 30% yield as 
stress increased for the combined data (Fig. 9), suggesting that stress 
was severe enough during the experimental period that some plants 
received only enough water for maintenance, but not for growth. The 
alfalfa had apparently undergone an osmoconditioning (hardening) 
process which enabled it to survive. Plants in the 65% FC containers 
were short and usually dark green in color, an indication of water 
stress. In many of those containers there was incomplete ground cover. 
Leaves were small compared to more adequately-watered treatments. 
Equations for the 3rd through 5th Harvests (Table 8) provide 
information useful to alfalfa growers in assessing yields of alfalfa 
Data of Abdul-Jabbar et al. (1985) suggest that alfalfa yields. 
of first, second, and third cuttings (three growth cycles) may be part of 
the same line if normalized on a percent yield basis. The shapes of the 
CWSI-yield curves were very similar among cuttings, as are data from the 
final three samplings within the growth cycle for this experiment. 
On a practical basis, this suggests that the yield-mean CWSI 
Fig. 10. Percent dry weight yield and canopy minus air temperature 
at Harvest 5 for 1983 and 1984 data 
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relationship is similar after alfalfa reaches the bud stage if 
the data are normalized to respective maximums from each harvest instead 
of an overall maximum. Stage of growth analysis confirms that the final 
three harvest periods would be (and are) plausible times to harvest 
commercially, at least for the well-watered treatments. In 1983 (third 
harvest), growth stages over all treatments ranged from 0.95 to 4.10 on 
the Kalu and Pick (1981) scale, which were about mid-vegetative (65% FC) 
and late bud (112% FC) stages, respectively. In 1984, growth stages 
ranged from 3.5 (T4) to 5.0 (T8). 
Yields can be separated by stress treatments to observe the growth 
behavior over time. Changes of yields over time are depicted in 
Fig. 11 and 12. Note that there was a levelling, and even 
a decrease, in yield at the 4th Harvest (40 DPC) compared to the 
3rd Harvest in 1983. This was probably because of an unusually long 
interval between irrigations during which stress occurred for all the 
treatments. The yield levelling, or decline, is associated with smaller 
growth rates and leaf drop. Recovery from stress is shown by an upswing 
in yields and apparent compensatory growth by Harvest 5. 
If the 4th Harvest is ignored, the yields in 1983 increased over 
time, but seem to have slower growth rates by Harvest 5. In 
the instance of T4, growth seems to have ceased almost entirely after 
Harvest 2 in 1983, thus supporting the hypothesis that the water 
supplied was only sufficient for plant maintenance. Treatment 
4 must also have been hardened, in order to survive and not decrease in 
yield from leaf loss between Harvests 3 and 4 as occurred in the other 
'1 
Fig. 11. Total dry weight yield means in 1983. Tl=100% FC, T2=88% FC, 
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Fig. 12. Total dry weight yield means in 1984. Tl=100% FC, T2=88% FC, 
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treatments. In the situation of T3, there may not have been enough 
stored soil water to enable the plants to maintain existing biomass, so 
leaves were shed to relieve the plant of unsustainable living tissue. 
This implies that T3 was not osmoconditioned, apparently receiving too 
much water to allow such a process to occur. The other treatments 
probably had sufficient stored soil water that they did not need to drop 
leaves to survive. 
1984 alfalfa yields did not separate by treatment as well as in 
1983 (Fig. 12). Treatments 8 and 4 had the highest and lowest 
yields, respectively, but differences among Tl, T2, and T3 were not 
well-defined. Crossover of yields occurred throughout the growth cycle 
in 1984. One possible reason for the overlapping yields could be the 
higher frequency of irrigation in 1984. Another reason could be that 
the plots were re-randomized in 1984, and 1983 treatment effects might 
have carried over, despite efforts to ensure that they did not. Also, 
container substitutions were made in 1984: border containers, which 
had luxuriant growth in 1963, were used in place of containers which 
had reduced stands from overwintering problems. Another factor was 
that the containers did not have as much "dry down" time in 1984 before 
the irrigation treatments began as in 1983. 
Treatments 2 and 4 yields actually declined from H4 to H5 in 1984. 
This yield decline while T8, Tl, and T3 yields increased is unexplained. 
Levelling of yields between Harvests 2 and 3 for Tl, T2, and T3 in 1984, 
while T8 and T4 yields increased at higher rates than between Harvests 1 
and 2 is also unexplained. 
I l l  
Summary 
Major points made in this section: 
1. Water use and yield data suggested that 1983 and 1984 alfalfa 
had similar yield potentials. 
2. Crop Water Stress Index-yield data confirmed the hypothesis that 
1983 and 1984 yield data could be combined into a single unit. 
3. Exponential yield-CWSI relationships were developed from the 
combined data. 
4. Analysis of mean Tc-Ta vs, yield relationships revealed that the 
2 years of yield data were separate data sets unless Tc-Ta was 
normalized for VFD (the CWSI). 
5. Alfalfa yields in 1983 showed excellent treatment separation, while 
in 1984, treatment differences were blurred for a variety of 
possible reasons. 
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PART III. A CWSI-BASED YIELD MODEL FOR WATER-DEFICIT-STRESSED ALFALFA 
Introduction 
Water-deficit-stressed alfalfa yield during a growth cycle was 
related to the CWSI (Idso et al., 1981a) by a family of exponential 
curves (see Part II). Each exponential curve represented the range 
of alfalfa yields from stressed to non-stressed alfalfa at each of five 
harvests. 
Another way of modelling the yield-stress index data is to 
fit a curve to each treatment (stress level) over the growth cycle 
using an accepted growth function such as the Gompertz equation. 
The Gompertz equation is a three parameter exponential growth 
function which was devised by Benjamin Gompertz in 1825. The equation 
is an asymptotic function which is arranged as a double exponential 
(Hunt, 1982): Y - a*exp[(-b)*exp(-ct)]. The variables have 
physiological meanings: Y is dry-weight yield, a is the asymptote or 
maximum yield, b is the sample starting size, and c is the mean 
relative growth rate constant. The time rate of change of Y is 
dY/dt - abc*exp[(-ct-b)*exp(-ct)]. Instantaneous relative growth rate 
is given by 1/Y(dY/dt) - bc*exp(-ct). The Gompertz function exhibits 
growth decay over time (note negative c). Unlike the logistic function 
(Hunt, 1982), which assumes growth decay because of substrate 
limitations, the Gompertz equation attributes growth decay to reduced 
effectiveness of the growth mechanism with time (France and Thornly, 
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1984). Various meanings have been assigned to the negative growth rate 
parameter (c) including enzyme degradation, senescence, or development 
and differentiation. 
The Gompertz equation has been successfully used to model plant or 
plant-part growth. Amer and Williams (1957) modelled leaf-area growth 
of Pelargonium (geranium) which was grown under different watering 
regimes. The flexibility of the Gompertz curve was demonstrated in its 
ability to model the retardation of growth rate induced by water 
stress. 
Baker et al. (1975) used the Gompertz function to model corn leaf 
area under increasingly adverse environmental conditions. Fegelow et 
al. (1977) modelled cotton hypocotyl extension with the Gompertz 
equation. The Gompertz function was chosen because of its 
responsiveness to environmental changes. The parameters were shown to 
vary with different conditions such as changing soil moisture, soil 
compaction, and soil temperature. 
The experiments of Amer and Williams (1957), Baker et al. (1975), 
and Fegelow et al. (1977) demonstrated the usefulness of the Gompertz in 
modelling plant or plant part growth as affected by adverse 
environmental conditions. The aim of this paper is to demonstrate that 
alfalfa dry weight yield for several water-deficit-stress levels can be 
modelled using the Gompertz function, and furthermore, that the 
Gompertz equation developed for well-watered alfalfa can be modified to 
reflect water stress effects by incorporating the previously developed 
yield-CWSI family of exponential curves. Applications of the model are 
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also discussed. 
Materials and Methods 
The 1983 and 1984 alfalfa dry weight yield data can be fit to a 
Gompertz growth equation of the form Y - a*exp[(-b)*exp(-ct)]. If the 
asymptotic value "a" is chosen by examination of the data, the Gompertz 
function can be fit by linear regression methods using the form 
ln[ln(a/Y)] - ln(b)-ct, which forces the curve to approach the 
asymptote near the designated "a" value. The main reason for following 
this procedure is that there are just sufficient data points to allow 
the fitting of a Gompertz growth curve. Lacking are data points from 
early exponential growth, but more important, data points along thé 
asymptote are lacking. As it is, it must be assumed that the plant 
is beginning its levelling-off growth phase, as the final data points 
suggest. It is accepted that the plant does normally experience a 
plateau in growth, barring regrowth or senescence. In this analysis, 
the value used for "a" was 118 g. 
In spite of these drawbacks in the quantity of data available from 
this experiment, the Gompertz function can be used to introduce a 
potentially useful idea, because it is very flexible in its ability to 
describe different yield-time relationships. 
Several approaches could be used to model the behavior of the 
alfalfa dry weight combinations over time and water-deficit-stress 
treatments. A simple approach is to use multiple regression with time 
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and CWSI as the independent variables. Quadratics and stepwise 
regression procedures could be use to model the yield-stress and 
yield-time relationships, respectively. 
A more elegant approach Is to utilize the previously 
developed exponential curves, combining then In some way with a 
yield-time function. Such a model Is suggested by noting that the 
Gompertz function Is also an exponential function. This approach Is 
preferred for this analysis because It guarantees that each yield-time 
equation will be of the same mathematical form, while remaining 
extremely flexible in its coefficient values. Also, it is easy to 
visualize the general form of the Gompertz equation, because once seen, 
it is easy to remember. In addition, if one knows that the 
yield-stress equations are exponential, it is also not difficult to 
Immediately visualize their general forms. A drawback with polynomials 
in general is that often only a portion of the curve is meaningful and 
it is not always clear which portion to visualize. A drawback of 
stepwise regression procedures is that, while they are quite flexible, 
they do not maintain a specific polynomial form unless instructed to do 
so, thereby losing much flexibility. One limitation of the Gompertz 
function is that it cannot model yield decreases after levelling is 
achieved. 
The ultimate purpose of a combined approach is to provide a way of 
estimating alfalfa yields under continuous water-deficit-stress 
conditions (as opposed to estimating yields under conditions of sudden 
stress). However, data exist from this experiment that quantify alfalfa 
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yield after severe water stress at different growth stages. The ability 
of the model to predict yields of the growth-stage-stressed alfalfa will 
also be tested. 
The family of exponential curves representing the yield-stress 
relationships over time are discrete models in time. More desirable is 
a model which can estimate yield at any time during a growth cycle. 
With this goal in mind, we attempted to combine the yield-stress and 
yield-time functions using the the Gompertz equation to develop 
yield-time relationships and the previously developed yield-stress 
exponential curves to modify the Gompertz equations. 
Results and Discussion 
Yield and the Gompertz Function 
The Gompertz functions that were fitted to each set of treatment 
yields in 1983 and 1984 are shown in Figs. 13 and 14. Equations are 
listed in Table 9. Harvest 4 was dropped from the T3, 1983 analysis 
because it lost biomass from severe stress. Six data points were used 
in the other nine equations because the point yield - 0 at time - 0 was 
Introduced to reflect the fact that the alfalfa was clipped. 
There are several levels of stress, even though the five gradient 
irrigation treatments were intended to allow five levels of near 
constant stress. Some of the levels overlap, but if the treatment and 
year representations are retained, there are 10 yield-time 
relationships. 



















I I I I I I I I I 
10 
I I I I I I I I I I I I I I I I I I I I I I I I I I 
20 30 
DAYS PAST CUTTING 
40 5 

























T4 to o 
I I I I I I I I I I I I I I I 
20 30 




Table 9. Gompertz equations of yield vs. time at each stress 
level in 1983 and 1984, where Y is yield 
Treatment N Equation R-squared 
1983 
T8 6 Y - 124*exp[(-6.924)*exp(-0.1043*DPC)] 0. 97 
T1 6 Y - 110*exp[(-6.535)*exp (-0.103 3*DPC)] 0. 96 
T2 6 Y - 100*exp[(-7.046)*exp(-0.1020*DPC)] 0. 94 
T3 5 Y - 74*exp[(-5.275)*exp(-0.1042*DPC)] 0, 98 
T4 6 Y - 52*exp[(-1.400)*exp(-0.0640*DPC)] 0. 94 
1984 
T8 6 Y - 173*exp[(-10.82)*exp(-0.1222*DPC)] 0. 94 
T1 6 Y - 15 3*exp[(-7.121)*exp (-0.1015*DPC)] 0. 98 
T2 6 Y - 140*exp[(-6.430)*exp (-0.1016*DPC)] 0. 86 
T3 6 Y - 137*exp[(-9.944)*exp (-0.1115*DPC)] 0. 92 
T4 6 Y - 100*exp[(-5.550)*exp(-0.0904*DPC)] 0. 74 
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R-squared values ranged from 0.98 to 0.74. Treatment 4 in 1984 
displayed the 0.74 R-squared value. The 1983 curves showed better fits 
than the 1984 curves. 
It is plain that the Gompertz function can be used to describe the 
growth of well-watered alfalfa or highly stressed alfalfa. The results 
of both the yield-time and yield-CWSI relationships are of interest by 
themselves, but it would seem desirable to find an integrated approach 
whereby yield could be described over time and for continuous water-
stress conditions. 
Remembering the yield-CWSI function, we have 
Y - Yww*exp(-d*mean CWSI). From the Gompertz analysis, we have 
Y - ymax*exp[(-b)*exp(-ct)], with the parameters taking on 
physiological meanings as before. 
The integrated approach suggests that the yield-CWSI and 
yield-time relationships be combined, somehow, as both legitimately 
describe the same data arranged by different independent variables. A 
normal (not stressed) yield-time set would correspond to T8 (1984) of 
Figs. 13 and 14, so our basic growth function can be rewritten as 
Yww - Ymax*exp[(-b)*exp(-ct)], where Yww replaces Y in the former 
equation. 
Because we also have Y - Yww*exp(-d*mean CWSI) for the yield-CWSI 
relationship, it is obvious that we can combine the two equations and 
obtain a normal growth equation modified for water-stress conditions. 
Upon combining, we have 
Y - {Ymax*exp[(-b)*exp(-ct)])*exp(-d*mean CWSI). 
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Rearranging, we have 
Y - Ymax*exp{-b*[exp(-ct)-d*CWSI]). 
Physically, the meaning is that when stress - 0, the equation reverts 
to the normal Gompertz function. The new equation decribes the 
reduction of alfalfa yield by water stress as quantified by the CWSI. 
A non-linear regression procedure (NLIN) by SAS institute Inc. 
(1982) was used to select coefficients for the model. Yield was 
normalized to the 1984 yield maximum at Harvest 5 and converted to 
percent. The asymptotic, or Ymax, value was set to 118%, which was the 
highest percent yield achieved when the 5 individual T8, Harvest 5, 1984 
yields were taken as percent of the mean 18, Harvest 5, 1984 yields. 
This represents the highest possible yield attainable by the alfalfa, 
given the container array used. Therefore the non-linear procedure 
developed coefficients for b, system starting value, c, the growth rate 
constant, and. d, the yield-reduction factor. 
The equation for the model was: 
Yield ;%) - 118*exp{[-2.292*exp(-0.0399*DPC)]-1.626*CWSI). 
Asymptotic standard error for parameter 'b' (2.292) was 0.212, for 
parameter 'k' (0.0399) the standard error was 0.00288, and for parameter 
'd' (1.626) the standard error was 0.116. 
A response surface representation of the yield-time-stress model 
retained the characteristics of both separate models (Fig. 15). At 
mean CWSI-0, the surface clearly shows a Gompertz shape that flattens 
with increased stress, while the yield-stress relationship became 
increasingly more curvilinear with time, just as in the separate model. 
1 
Fig. 15. Non-linear response curve utilizing the exponential 









Because there Is no accepted method of assessing non-linear model 
fit, the data have been separated by harvest and compared in plots 
of predicted yield versus measured yield in order to assess areas where 
the model deviated from the actual data (Figs. 16 to 20). 
2 However, an approximate R can be calculated by dividing the 
residual sum of squares by the corrected total from the analysis of 
2 
variance (Ware et al., 1982). The resulting approximate R was 0.65. 
As can be seen, the model does not deviate grossly from the 
actual data, although the model tended to overpredlct yields at the 
more stressed levels at later harvests. Well-watered yields 
were slightly underpredlcted at 48 DPC. The flexibility of the 
Gompertz function and its water stress modifier enhance the fit of the 
new function. 
Treatments 5, 6, and 7 were stressed by allowing the soil to dry 
down from a well-watered state at different times in the growth cycle 
(see Table 2). The CWSI-yield data from these treatments were not 
used in the construction of the yield-time-stress model. Instead, the 
T5, T6, and T7 yield data were plotted against predicted yield from the 
yield-stress-time equation (Figs. 21 to 25). For Harvest 1, yield 
tended to be underpredlcted at lower predicted yields and slightly over 
predicted at higher yields. During this time period, T5 was stressed. 
Harvest 2 and 3 showed a good 1:1 correlation between actual 
and predicted yields. Stressed yields were slightly underpredlcted, 
however. Correlations between actual and predicted yields for Harvests 
4 and 5 were close to the 1:1 line, although the Harvest 5 data showed 
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Fig. 23. Actual dry weight yield of T5, T6, and T7 vs. predicted dry 
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more scatter. Actual yields for Harvest 5 were slightly 
underpredicted. 
The underpredictions of stressed alfalfa yield at the earlier 
growth stages can be attributed to the mechanism by which alfalfa 
responds to sudden, severe stress. When the dry-down was begun, T5, 
T6, and T7 had been irrigated at the same level as Tl. Therefore the 
three treatments had similar leaf and stem growth and development. 
When the stress was imposed, the responses of T5, T6, and T7 were to 
drop some leaves. Because the 'infrastructure', the stems, could not 
be dropped or otherwise gotten rid of, a large portion of the alfalfa 
stand remained intact. This is a reason why T5 yields in particular 
remained higher than would have predicted by the amount of measured 
stress on the stand. It seems that the model may indeed be useful in 
predicting the effects of sudden stress on the alfalfa, particularly at 
later growth stages (Figs. 21 to 25). 
Applications 
Although it is beyond the scope of this experiment to devise an 
entire yield-stress-irrigation-soil moisture model, there is definitely 
a niche for a model like the modified Gompertz model. Aspects of the 
yield-stress-time model can be utilized effectively in an irrigation 
scheduling scheme and commodity and farm management schemes. 
The modified Gompertz equation used the CWSI of Idso et al. (1981a) 
to quantify stress. The CWSI parameter illustrated in Fig. 15 is a 
compilation of mean CWSI values for a particular time span (in days). 
For instance, if a mean CWSI of 0.4 is calculated for a period of 30 
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days, there is a more serious reduction in yield than with a mean of 
0.4 over 10 days. The point is to realize that water stress is a 
cumulative effect over time which is expressed here as a mean value 
instead of an accumulated value. The reason for handling the data that 
way is to avoid complications that occurred if a few days were 
skipped in the canopy temperature data collection scheme. Using the 
mean value approach allowed some flexibility in data collection and 
maintained the conceptual meaning of the CWSI, although a frequent, 
regular schedule of data collection should be maintained. 
Crop-water use is also a cumulative variable. Crop-water use, or 
évapotranspiration (ET) is dependent upon many other variables such as 
crop age, environmental factors, water supply, and type of crop. Water 
use should be viewed as a dynamic variable that is in great part 
dependent upon the ability of the rooting system to supply water. Crop 
roots are usually exploring greater volumes of soil as the crop grows; 
therefore roots are almost constantly extracting water from deeper soil 
layers. Zones of heaviest soil-water depletion tend to become deeper 
in the soil profile as the crop grows. In a soil with no root growth 
impediments, root-water uptake and therefore crop-water use is limited 
by the plant's innate ability to absorb water and the supply of water 
available in the soil. In such manner are crop-water stress and crop-
water use related. 
Jackson et al. (1981) derived the CWSI in relation to energy 
balance terms, showing that the CWSI is based on sound physical 
principles, although it is an empirically calculated index. The full 
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definition of the CWSI can be found in the literature review, 
but the part that is of interest to this discussion is 
CWSI - 1 - E/EP, where E is actual ET, and EP is potential ET defined 
by the Penman-Monteith equation (Jackson et al., 1981). 
The CWSI and crop-water use as cumulative processes were discussed 
in previous paragraphs. Potential ET can be regarded as a cumulative 
process, also. The CWSI averaged over a period of time can serve as an 
estimate of mean daily water use over the same time span. If EP can be 
calculated daily from reliable meteorological data, mean dally water 
use can be calculated from CWSI - 1 - E/EP. The ratio E/EP is known as 
a crop coefficient (Jensen, 1974). Crop coefficient curves have been 
developed for many crops and supporting data of soil-water depletion 
patterns, soil-moisture release curves, and plant-available water are 
often readily available. 
From estimates of water use over a time period, the soil-water 
balance equation (Hanks and Ashcroft, 1980) plus rainfall and 
irrigation records coupled with pre-emergence soil-moisture profile 
data can be used to determine approximate soil moisture. Soil-water 
depletion profiles for the crop during the growing season can provide 
detailed information about rooting volume and soil layers where soil-
water depletion is highest. From this information amounts of irrigation 
to apply can be calculated. Sophisticated irrigation models which 
simulate soil-moisture levels using real-time meteorological data 
already exist (Heerman, 1985). 
The question now arises: If sophisticated Irrigation scheduling 
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models exist, what need is there of a CWSI-based irrigation scheduling 
scheme? 
The real advantage of any canopy-temperature based scheduling 
device is that it tells the operator whether the crop is being 
water-stressed. It is a direct measure of plant-water status. A 
canopy-temperature-based stress index has the advantage of being 
non-destructive sampling, far less time consuming than standard soil-
moisture measurements, and there is no equipment in the field to be 
stolen or damaged. A disadvantage of the CWSI is that it cannot 
directly calculate the amount of water to apply to the field unless it 
is coupled with a model of crop-soil-water depletion over the growth 
period. However, the daily calculated (not the mean) value of the CWSI 
can serve as a "trigger" for irrigation. 
Then why the yield-stress-time model? 
The modified Gompertz model is a link between the sophisticated 
irrigation model, the need for irrigation timing, and the need for 
yield assessment under imperfect irrigation conditions. The 
yield-stress-time model could be used by a farm manager to predict 
feedstuff shortfalls. If, for instance, a livestock-farm outfit needs 
500 tons of hay for the winter, and only 250 are expected from the 
yield-stress-time model, that farm manager has the advantage of buying 
ahead a known amount of hay. If he/she has more time to find the hay, 
there is more chance of getting the best possible quality and prices. 
The same farm manager may decide on early livestock sales or to buy 
more grain if on-farm feedstuff supplies can be predicted. Cash grain 
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farmers might decide to enter the commodities market or to hedge grain 
prices. In marginal cases, the decision to harvest or abandon the 
crop could be made. 
The prediction of forage-quality aspects such as neutral-detergent 
fiber (NDF) and forage digestibility could be useful to alfalfa growers 
and livestock feeders. Neutral-detergent fiber is an indication of 
cell-wall quantity in the forage. It decreases with increasing water 
stress and thus affects digestibility (Halim, 1986). Knowledge of the 
variation of NDF and digestibility with alfalfa water stress could aid 
in harvest decisions. 
Although alfalfa hay and other products such as pellets are often 
analyzed for nutrient content before feeding in sophisticated livestock 
feeding systems, there may be some purpose in using the CWSI to 
predict forage quality by such businesses. The knowledge could be used 
to supplement with higher quality hay, if NDF is predicted to be high, 
or a different kind of hay, such as grass hay or clover hay. The value • 
of predicting quality is to allow time to plan ahead and buy ahead if 
necessary at the best prices. 
Because of the special small plot-container arrangement of this 
experiment, the coefficients of the yield-stress-time model may or may 
not be applicable to other field situations. The nature of the model 
should not change, however. Abdul-Jabbar et al. (1985) showed 
yield-CWSI relationships for alfalfa that were similarly curvilinear in 
natural (unlimited rooting volume) field conditions. 
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Summary 
In summary, the family of exponential yield-CWSI curves can be 
used to modify an accepted growth model, the Gompertz function. 
The Gompertz equation was flexible enough to model yield-time 
relationships over several water-stress levels. The modified Gompertz 
function modelled the growth of alfalfa during a growth cycle under a 
gradient, continuous water-deficit-stress. The model worked well for 2 
years of combined alfalfa yield and CWSI information. 
It is proposed that alfalfa grown under a gradient, continuous 
water-deficit-stress could be modelled by incorporating the 
exponential yield-CWSI equation into the Gompertz equation, an accepted 
exponential growth model for non-stressed growth. 
The model could be used in farm management decisions and linked to 
existing irrigation scheduling models. 
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PART IV, GROWTH ANALYSIS OF WATER-DEFICIT-STRESSED ALFALFA 
Introduction 
Two approaches to plant growth analysis were described by Hunt 
(1982): the classical and functional. The first can be characterized 
by large, infrequent harvests, and the latter by smaller, more frequent 
harvests, although there is no clear division between the two methods. 
The fundamental difference between the two methods is exposed when 
calculation methods are compared for the rate parameters : relative 
growth rate (RGR), net assimilation rate (NAR), crop growth rate 
(CGR), relative leaf area expansion rate (RLER), relative leaf growth 
rate (RLGR), and leaf area partition (LAP). All parameter names, 
units, and abbreviations are listed in Table 10. The classical method 
involves calculating a mean value over a time period between harvests. 
The functional method yields an "instantaneous" value--a growth value 
at a single point in time. Comparison of RGR, for example, calculated 
by the two methods is possible if the instantaneous value selected is 
at the midpoint of the time period. At that point, the slope of the 
functional growth curve should be the same as the mean RGR for that 
time period, provided that the fitted curve is well-fitted and 
symmetric within that time period. A further extension of this idea is 
that the classical growth analysis formulae need not be applied solely 
during exponential growth (Hunt, 1978), if the above requirements are 
met. In this way Hunt evaded the assumption that the classical growth 
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Table 10. Names, units, and abbreviations of growth parameters used in 
this section. All parameters are on an understood per 
container basis 
Variable Abbreviation Definition Units 
Days past cutting DPC 
Total dry weight TDW 
Leaf area LA 
Leaf dry weight LDW 
Relative growth rate RGR 
Relative leaf expansion 
rate RLER 
Relative leaf growth 
rate RLGR 
Crop growth rate CGR 
Net assimilation rate NAR 
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equations were valid only during exponential growth (see Radford, 
1967). 
Other non-rate growth analysis parameters that can be calculated 
include leaf area ratio (LAR) , specific leaf area (SLA) , and leaf 
weight ratio (LWR), (Table 10). 
Inter-relationships among the growth parameters can be expressed 
by the following relationships, which are valid for the functional 
approach: 
RGR - NAR*SIA*LWR - NAR*LAR; 
NAR - CGR/IA, where LA is leaf area; 
LAP - (RLER/RGR)*LAR - RLER/NAR. 
The rate variables of this alfalfa experiment were examined using the 
functional approach for several reasons. First, it was not possible to 
statistically analyze the rate variables using the classical approach 
because of the experimental sampling procedure. The experimental 
design was a split-plot with harvests as whole plots and irrigation 
treatments as sub-plots with five replicates. An experimental unit was 
considered to be one whole container. At each harvest, each 
appropriate container was clipped entirely and not used again. This 
meant that there was no continuity between Replicate 1, Treatment 1 of 
Harvest 1 and Replicate 1, Treatment 1 of Harvest 2. It was thought 
possible to infer statistical differences among the rate variables by 
building polynomial models of total dry weight and leaf area and 
constructing confidence limits about the regression mean. If there 
were statistical differences between two dry weight curves at a certain 
156 
day past cutting (DPC), it could be inferred that the rate variable(s) 
associated with total dry weight could also be statistically different 
(Clawson et al. 1986). 
Another reason for using the functional method to derive rate 
variable values was that these parameters could then be derived at the 
same DPC as non-rate variables LAR, LUR, and SLA. It could be argued 
that it was unnecessary to use fitted curves and confidence limits 
(CLM) because total dry weight (TDW), leaf area (LA), and leaf dry 
weight (LDW) can be statistically analyzed using actual data from each 
harvest and differences in the rate variables could be inferred from 
those statistical differences. But such an approach would not have 
allowed the calculation of the rate variables. 
Finally, the functional approach was used to avoid the assumptions 
inherent to the calculation of the rate variables, particularly NAR, 
which require that LA change linearly with TDW over the time periods 
involved. It was evident from this experimental data that LA did not 
always change linearly with TDW. 
This section will discuss the mean treatment effects over the 
entire experiment, the functional growth analysis and accompanying 
statistical analyses, the variation of the rate quantities over time, 
and the non-rate variables at each harvest. Correlations of rate 
variables will be shown. 
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Materials and Methods 
Functional growth analysis was used to calculate the rate 
variables RGR, NAR, RLER, RLGR, CGR, and LAP. The parameters SIA, LAR, 
and LWR are ratios using total dry weight (TDW) , leaf area (LA), and 
leaf dry weight (LDW), all of which were available from weekly harvest 
data. 
Fitted equations were developed for TDW, LA, and LDW. Raw data 
values from each harvest for each treatment were transformed with 
natural logarithms (LN) and the data were fit as TDW, LA, or LDW vs. 
days past cutting (DPC). The log transformations were necessary as 
variances of the TDW, LA, and LDW were not uniform among the harvests. 
The highest order variable used was a fourth-order polynomial. The 
equations were as exact a fit to the data as possible. An extra data 
point at DPC-0 was included because data collection was not begun 
until 3 weeks after clipping. It was assumed that at DPC-0, TDW, LA, and 
LDW were 0 or very nearly 0. Because the natural logarithm of zero is 
undefined, 1 was added to the dry weight data, and 0.01 was added to the 
leaf area data. These starting values were approximately 1/50-1/100 
of the maximum attained values of TDW, LA, and LDW. Although the alfalfa 
was actually clipped to about a 3 to 4 cm height, it was considered 
better to simply assume TDW, LA, and LDW were nearly zero than to 
estimate what might have actually been there. This was a reasonable 
assumption, because close to the ground, alfalfa has little leaf growth 
after 4 to 5 weeks, and regrowth is from the basal area. More realistic 
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intercepts were provided by forcing the equations to zero, thus allowing 
trends in growth to be casually (as opposed to rigourously) observed. 
The SAS (Statistical Analysis Systems, SAS, 1982) Stepwise 
procedure with the Maxr option was used to select equations for TDW, 
LA, and LDW for each treatment in each year. The chosen models (Tables 
11 and 12) were statistically significant at the 0.05 probability level 
or less, and R-squared values were at least 0.95 or better. Model 
variables were significant at the 0.10 probability level or better. 
The equations were used to calculate modelled TDW, LA, and LDW. 
From these basic equations, RGR, CGR, RLER, RLGR, NAR, and LAP were 
also calculated, as well as supplementary parameters such as LAR, which 
was used in NAR and LAP calculations. It should be noted that RGR, 
RLER, and RLGR are the first derivatives of the log-transformed 
equation, and CGR is the first derivative of the exponential polynomial 
equation. 
Confidence limits were constructed about the regressions of TDW, 
LA, and LDW. Statistical differences for the derivatives must be 
inferred by observing where the confidence limits do not overlap. 
Statistical analyses were performed on the non-rate variables using 
standard analysis of variance techniques and the least significant 
differences test (LSD). 
Results of the calculations, regressions, and statistical 
analyses are presented In the following pages. 
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Table 11. Regression equations of total dry weight (TDW), leaf area 
(LA.), and leaf dry weight (IDW) for 1983 with 'x' replacing 
'DPC in the equation for brevity. N was 30 for each 
equation 
Treatment Equation* 
1 ,TDW-exp(0.000878+0.366X-0.00101x2+0.0000926x3) 0.995 
LA -exp(-4.58+0.765X-0.0423x2+0.000956x3-0.00000761x4) 0.981 
LDW-exp(0.0258+0.190x.0.00244x2) 0.979 
2 TDW-exp(0.0000136+0.343X-0.00919x2+0.0000839x3) 0.996 
LA -exp(-4.58+0.688X-0.0351x2+0.000731x3-0.000536x4) 0.994 
LDW-exp(0.0480+0.188x-0.00249x2) 0.982 
3 TDW-exp(0.0000575+0.322x-0.00702x2+0,000000928x4) 0.991 
LA -exp(-4.58+0.504X-0.0174x2+0.000182x3) 0.975 
LDW-exp(0.0639+0,188x-0.00259x2) 0.955 
4 TDW-exp(0.000399+0.328X-0.00928x2+0.0000856x3) 0.983 
LA -exp(-4.58+0.452x-0.0151x2+0.000152x3) 0.973 
LDW-exp(-0.000055+0.271x-0.00773x2+0.0000698x3) 0.979 
5 TDW-exp(0.00230+0.316X-0.0077x2+0.0000629x3) 0.992 
LA -exp(-4.58+0.565-0.0271x2+0.000575x3-0.00000448x4) 0.989 
LDW-exp(0.0353+0.189x-0.00251x2) 0.983 
6 TDW-exp(0.00279+0.373X-0.0106x2+0.000099x3) 0.996 
LA -exp(-4.58+1.23x-0.0862x2+0.00226x3-0.00002x4) 0.984 
LDW-exp(0.0800+0.186x-0.00248x2) 0.961 
7 TDW"6xp(0.00281+0.343x-0.00855x2+0.0000699x3 0.996 
LA -exp(-4.58+0.429X-0.121x2+0.000102x3) 0.979 
LDW-exp(0.0224+0.218X-0.0032x2) 0.982 
8 TDW-exp(0.00124+0.366X-0.00983x2+0.0000892x3) 0,999 
LA -exp(-4,58+0,0449X-0,0136x2+0,000131x3) 0.994 
LDW-exp(0.0487+0,199x-0,00259x2) 0.988 
*A11 variables significant at the 0.05 probability level. 
x^2-x^ , x3-x^ , x4-x^ . 
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Table 12. Regression equations of total dry weight (TDW), leaf area 
(lA), and leaf dry weight (LDW) for 1984 with 'x' replacing 
'DPC in the equation for brevity. N for each equation was 
30 
Treatment Equation 
1 TDW-exp(0.00126+0.370X-0.00969x2+0.000864x3) 0.992 
lA -exp(-4.60+0.410X-0.0116x2+0.000105x3) 0.989 
LDW-exp(0.0497+0.195x-0.000240x2) 0.979 
2 TDW-exp(0.00499+0.345X-0.00844x2+0.0000697x3) 0.990 
^ -exp(-4.61+0.534X-0.0235x2+0.000464x3-0.00000344x4) 0.994 
LDW-exp(0.0392+0.195x-0.00247x2) 0.984 
3 TDW-exp(0.00264+0.331X-0.00837x2+0.000075x3) 0.992 
LA. -exp(-4.60+0.344X-0.00877x2+0.0000732x3) 0.989 
LDW-exp(0.0335+0.175x-0.00205x2) 0.982 
4 TDW-exp(0.0248+0.226X-0..00283x2) 0.968 
LA. -exp(-4.60+0.290X-0.00624x2+0.0000416x3) 0.974 
LDW-exp(-0.00305+0.173x-0.00214x2) 0.956 
5 TDW-exp(0.00663+0.331X-0.00852x2+0.0000790x3) 0.986 
LA. -exp(-4.61+0.588X-0.0315x2+0,000740x3-0.00000619x4) 0.986 
LDW-exp(0.0437+0.169x-0.00187x2) 0.975 
6 TDW-exp(0.00756+0.384X-0.0111x2+0.000110x3) 0.986 
LA -exp(-4.61+0.599X-0.0285x2+0.000563x3-0.0000039x4 ) 0.986 
LDW-exp(0.0839+0.177x-0.00208x2) 0.952 
7 TDW-exp(0.00136+0,353X-0.00854x2+0.0000695x3) 0.991 
LA -exp(-4,61+0,569X-0,0278x2+0.000626x3-0,00000533x4) 0,980 
LDW-exp(0.0328+0.205x-0,00271x2) 0.978 
8 TDW-exp(0.0000542+0.445x-0.0183x2+0.0003 75x3 -
0,00000293x4) 0,991 
LA -exp(-4.60+0,358x-0,00912x2+0.000721x3) 0.991 
LDW-exp(0.0331+0.186X-0.00213x2) 0.986 
^x2-x^, x3-x^, x4-x^. 
'^x4' variable significant at the 0.11 probability level. All 
other variables significant at the 0.05 probability level. 
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Results and Discussion 
Non-rate variables over all harvests 
The non-rate variables included in the analysis are TDW, lA, LDW, 
SLA, LÂR and LWR. Each was analyzed on as overall experimental basis 
and by harvests (see section 'Non-rate variables by harvest'). 
In both 1983 and 1984, TDW, LA, and LDW were significantly 
different at the 0.01 probability level (Table 13). Parameters SLA and 
LWR showed significant differences in 1983 (Table 14). Only LWR had 
significant differences in 1984. 
Treatment rankings were similar for parameters TDW, LA, and LDW 
over the two years (Table 15). Leaf weight ratio had T4 with the 
highest mean in both years. The other treatments were rearranged for 
LWR. 
For TDW, LA, and LDW, Treatments 8,1, and 8, respectively, had the 
highest means in both years (Table 15). Treatments 8,1 and 7 had 
consistently higher TDW, LA, and LDW means over both years than the 
other treatments. There were no statistical differences between 
T5 and T6 means for TDW, LA, or LDW in either year, while both were 
often statistically different from T7. However, there were consistent 
significant differences between T7 and T6, and T7 and T5. This may 
indicate that stress at flowering (T7) affected overall TDW, LA, and 
LDW less than stress during vegetative growth (T5), or during bud 
formation (T6). Another possible explanation is that atmospheric demand 
was less during the T7 stress period. In fact, the 1983 VPD means 
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Table 13. F values from overall analysis of variance of 
total dry weight (TDW), leaf area (LA), and leaf 
dry weight (LDW) In 1983 and 1984 
F values for indicated variables 
Year TDW LA LDW 
1983 95.01** 17.81** 41.04** 
1984 21.38** 14.49** 16.74** 
** Significant at the 0.01 probability level. 
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Table 14. F values from overall analysis of variance of specific leaf 
area (SIA), leaf area ratio (LAR), and leaf weight ratio 
(LWR) In 1983 and 1984 
F values for indicated variables 







** Significant at the 0.01 probability level. 
164 
Table 15. Least significant differences for variables total dry weight 
(TDW), leaf area (LA), and leaf dry weight (LDW) over all 
harvests for 1983 and 1984 
TDW LA OW 
Year Mean Treatment Mean Treatment Mean Treatment 
e 
-g -  1 •DU "  -g -
95.7a^  8 1.15a 1 37.6a 8 
85.9b 1 1.12a 8 33.6b 1 
83.6b 7 0.95b 7 32.3b 7 
74.9c 2 0.94b 6 29.9c 2 
74.7c 6 0.90bc 2 29.4c 5 
70.4c 5 0.86bc 5 28.6cd 6 
58.7d 3 0.79c 3 27. Od 3 
44. Oe 4 0.55d 4 20. Oe 4 
126.3a 8 1.03a 1 43.9a 8 
119.9a 7 1.00a 8 42.3ab 1 
116.6ab 1 0.96ab 7 39.5bc 2 
107.9bc 2 0.89bc 2 38.1c 2 
102.4cd 6 0.87cd 6 36.2cd 6 
100.2cd 5 0.82cd 5 36.led 5 
95.3d 3 0.78d 3 34. Od 3 
72. le 4 0.63e 4 26.7e 4 
M^eans for a variable followed by the same letter are not 
significantly different at the 0.05 probability level. 
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over each stress period (T5, T6, T7) were highest for the T6 period 
(2.76 kPa), and lowest during the T7 stress period (1.35 kPa). Vapor 
pressure deficits (mean values) were not very different in 1984 among 
the three no irrigation periods. 
The LSD tests further indicated that T5 and T6 over all TDW, 
LA, and LDW means were not statistically different from T2 means 
in either year. Except for LDW in 1983, T5, T3, and T4 were 
consistently the lowest ranked treatments. Treatment 4 was invariably 
statistically different from all other treatments for TDW, LA, and LDW. 
Total dry weight, leaf area, and leaf dry weight overall means were 
reduced when water-deficit-stress treatments were applied. Generally, 
growth of the stressed plants is reduced because of the role cellular 
water plays in cell elongation (Turner and Burch, 1983). Another water 
deficit effect is a decrease in leaf area (Turner and Burch, 1983). 
This can occur by either reducing leaf expansion or by shedding leaves. 
The former response was exhibited on the overall range of gradient 
irrigated treatments, while the latter response was exhibited by T3 and 
T5 during periods of water deprivation (intended and unintended). 
Differences between years were not analyzed, but it is 
interesting to note the ranges of values from year to year. 
In 1983, TDW ranged from 95.7 grams per container to 44.0 grams per 
container, while in 1984 TDW means ranged from 126.3 grams per 
container to 72.1 grams per container. Leaf area had a wider range in 
2 2 1983 than in 1984: 1.15 to 0.55 m as compared to 1.026 and 0.63 m . 
Leaf dry weights were higher overall in 1984 but leaf weight ratio was 
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higher in 1983, indicating that stem dry weight was a higher percentage 
of TDW in 1984. 
The ratio parameters SIA, LAR, and LWR showed few obvious 
consistencies between the years (Table 16), except for SLA, which at 
least showed T1 and T6 ranked first and second both years, although in 
1984 the analysis of variance showed no treatment differences at the 
0.05 probability level. Specific leaf area, LAR, and LWR tended to be 
higher in 1983 than in 1984. For leaf weight ratio, T3, T4, and T5 
ranked in the top 50% of the listings in both years. Increasing water 
stress tended to increase LWR. 
Because the experiment was designed to produce a broad range of 
alfalfa yields, it is not surprising that this occurred for TDW, and 
also LA, and LDW. The ratio variables SLA, LAR, and LWR, however, were 
not as affected by water-deficit-stress as were the major plant 
components. The overall effects indicated that SLA and LWR were 
quite strongly affected as plants becamce more stressed. The main 
effects of water-deficit-stress on alfalfa seem to be a reduction in 
leaf area per unit leaf weight (smaller, thicker leaves) and more leaf 
weight produced relative to total dry weight. 
Rate variables 
The rate variables (RGR, NAR, CGR, and LAP) can be analyzed using 
the functional method with confidence limits and inferred statistical 
differences. 
Statistical differences in CGR and RGR were inferred from TDW 
confidence limits (Table 17, Fig. 26 to 29). Relative leaf area 
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Table 16. Least significant differences for variables specific leaf 
area (SLA), leaf area ratio (LAR), and leaf weight ratio 
(LWR) over all harvests for 1983 and 1984 
SLA LAR LWR 
Year Mean Treatment Mean Treatment Mean Treatment 
2 -1 2 -1 - 1 
-m g - -m g - -g g -
1983 0.0377a^  1 0.0139a 3 0.463a 4 
0.0329b 6 0.0138a 1 0.460a 3 
0.0313bc 2 0.0131ab 4 0.422b 5 
0.0308bc 8 0.0130ab 6 0.406bc 2 
0.0300bc 3 0.0128ab 2 0.395bc 8 
0.0299bc 5 0.0127ab 8 0.391c 1 
0.0296bc 7 0.0122b 8 0.390c 7 
0.0279c 4 0.0118b 7 0.384c 6 
1984 0.0254a^  1 0.00923a^  4 0.376a 4 
0.232a 6 0.00915a 1 0.365ab 5 
0.0249a 7 0.00894ab 6 0.364abc 1 
0.0248a 4 0.00876ab 5 0.362bc 3 
0.0244a 2 0.00873ab 3 0.359bc 2 
0.0243a 3 0.00871ab 2 0.357bc 6 
0.0241a 5 0.00842b 7 0.352c 8 
0.0241a 8 0.00839b 8 0.335d 7 
M^eans for a variable followed by the same letter are not 
significantly different at the 0.05 probability level. 
2 Analysis of variance was not significant at the 0.05 probability 
level. 
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Table 17. Significance levels of paired total dry weight (TDW) 
treatments as derived from the 95% confidence limits about 
the regression line for 1983 and 1984 
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5 
Pair 1983 1984 1983 1984 1983 1984 1983 1984 1983 1984 
1-2 * NS® * NS NS NS NS NS NS NS 
1-3 * * * * * * * NS * NS 
1-4 * * * * * * * * * * 
1-5 * * * * NS NS NS NS NS NS 
1-6 NS NS NS NS * NS * NS NS NS 
1-7 NS NS NS NS NS NS NS NS NS NS 
1-8 NS NS NS NS * NS * NS NS NS 
2-3 NS NS * * * NS * NS * NS 
2-4 * * * * * * * NS * * 
2-5 NS NS NS * NS NS NS NS NS NS 
2-6 NS NS NS NS NS NS NS NS NS NS 
2-7 NS NS * NS * NS NS NS NS NS 
2-8 * NS * NS * NS * * * NS 
3-4 NS * * NS * NS * NS * * 
3-5 NS NS NS NS * NS * NS NS NS 
3-6 * NS * NS * NS * NS * NS 
3-7 * * * * * * * * * NS 
3-8 * NS * NS * * * * * NS 
4-5 NS * * NS * NS * NS * * 
4-6 * * * * * NS * NS * * 
4-7 * * * * * * * * * * 
4-8 * * * * * * * * * * 
5-6 * NS NS NS NS NS NS NS NS NS 
5-7 * * * * * * NS NS NS NS 
5-8 * NS * NS * * * * * NS 
6-7 NS NS * NS * * * NS NS NS 
6-8 NS NS * NS * * * * * NS 
7-8 NS NS NS NS NS NS • * * * NS 
S^-not significant at the 0.05 probability level. 
•Significant at the 0.05 probability level. 
Fig. 26. Total dry weight 95% confidence limits about the mean for Tl, 
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Fig. 28. 95% confidence limits about the mean for Tl, T2, T3, T4, and 
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Fig. 29. 95% confidence limits about the mean for Tl, T5, T6, T7, and 
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expansion rate and relative leaf growth differences can also be Inferred 
from the LA (Fig. 30-33) and LDtf confidence limits, respectively (Tables 
18 and 19). It may not be appropriate to consider treatment differences 
except in paired fashion. There is apparently no way to calculate 
statistical differences for the derivatives of TDW, LA, and LDW 
equations, so this confidence limit method should be used with caution. 
For example, if regression calculated CGR or RGR values are ranked, the 
rankings (high to low mean values for Tl, Harvest 1, 1983) are: CGR, 
7,8,1,5,2,3,4,6 and RGR, 7,5,8,2,3,1,6,4. Total dry weight rankings 
for Tl, Harvest 1 in 1983 are: TDW, 8,1,6,7,2,3,5,4. If traditionally 
calculated RGR values are ranked, the ranking also differs from the 
TDW values the RGR was derived from. Therefore, this is not a pecullarit 
of the regression tecnlque per se. The differences in the first 
derivative rankings is not surprising after consideration, but it does 
cast doubt upon the validity of even inferring statistical differences. 
Clawson et al. (1986) compared two soybean Isolines in their 
analysis of soybean growth. Because only two treatments were compared, 
the problem of re-ordering of treatments did not seem to occur. But 
close scrutiny of the soybean growth equations revealed that while 
TDW for Harosoy soybean isolines was significantly different between 65 
and 100 days after emergence (DAE), the spread between RGR curves for 
the Harosoy isolines was greatest at 25 DAE and the two lines converged 
at 85 DAE. This technique may open more questions than it answers; 
however, treatment pairings and significances for TDW, LA, and LDW as 
well as regression calculated values for alfalfa RGR, CGR, NAR, and LAP 
Fig. 30. 95% confidence limits about the mean for Tl, T2, T3, 
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Fig. 31. 95% confidence limits about the mean for Tl, T5, T6, T7, and 
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Fig. 32. 95% confidence limits about the mean for Tl, T2, T3, T4, and 
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Fig. 33. 95% confidence limits about the mean for Tl, T5, T6, T7, and 
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Table 18. Significance levels of paired leaf area (LA) treatments 
as derived from the 95% confidence limits about the 
regression line for 1983 and 1984 
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5 
Pair 1983 1984 1983 1984 1983 1984 1983 1984 1983 1984 
1 2 NS^  NS NS NS * NS * NS NS * 
1 3 NS * NS * * NS * NS NS NS 
1 4 * * * * * * * * * * 
1 5 * * NS * NS * NS NS NS NS 
1 6 NS NS * * NS * NS NS NS NS 
1 7 NS NS NS NS NS NS NS NS * * 
1 8 NS NS NS NS NS NS NS NS NS NS 
2 3 NS * NS NS NS NS * NS NS NS 
2 4 * * * * * NS * NS * NS 
2 5 * * NS * NS NS NS NS NS NS 
2 6 NS NS * NS NS NS * NS NS NS 
2 7 NS • NS * NS * NS NS NS * NS 
2 8 NS NS * NS * NS * NS * * 
3 4 NS NS * NS NS NS NS NS * NS 
3 5 NS NS NS NS * NS * NS NS NS 
3 6 NS * * NS NS NS * NS NS NS 
3 7 NS * * NS * * * NS NS NS 
3 8 NS NS * * * * * * * * 
4 5 NS NS NS NS * NS * * * NS 
4 6 * * NS NS * NS * NS * * 
4 7 NS * * * * * * * NS NS 
4 8 * * * * * * * * * * 
5 6 * NS NS NS NS NS NS NS NS NS 
5 7 NS NS * * NS * NS NS NS NS 
5 8 * NS * * * * * NS * NS 
6 7 NS NS * NS NS * * NS NS * 
6 8 NS NS * NS * * NS NS * NS 
7 8 NS NS NS NS NS NS NS NS * * 
N^ot significant at the 0.05 probability level. 
*Signifleant at the 0.05 probability level. 
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Table 19. Significance levels of paired leaf dry weight (LDW) 
treatments as derived from the 95% confidence limits about 
the regression line for 1983 and 1984 
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5 
Pair 1983 1984 ' 1983 1984 1983 1984 1983 1984 1983 1984 
1-2 NS® NS NS NS NS NS NS NS NS NS 
1-3 NS * NS * NS * * * * NS 
1-4 NS * * * * * * * * * 
1-5 NS * NS NS NS * ' NS NS NS NS 
1-6 NS NS NS NS NS NS NS NS NS NS 
1-7 * NS NS NS NS NS NS NS * NS 
1-8 NS NS NS NS NS NS NS * NS NS 
2-3 NS * NS * NS * NS NS NS NS 
2-4 NS * * * * * * *s * NS 
2-5 NS * NS * NS NS NS NS NS NS 
2-6 NS NS NS NS NS NS NS NS NS NS 
2-7 * NS * NS NS NS NS * 2IS NS 
2-8 NS NS * NS * NS * * NS * 
3-4 NS NS NS NS * * * * NS * 
3-5 NS NS NS NS NS NS NS NS NS NS 
3-6 NS NS NS NS NS NS NS NS NS NS 
3-7 * * * * * * NS NS NS NS 
3-8 NS NS * * * * * * * * 
4-5 NS NS * NS * * * * * * 
4-6 NS NS * NS * * * * NS NS 
4-7 NS * * * * * * * NS NS 
4-8 NS NS * * * * * * * * 
5-6 NS NS NS NS NS NS NS NS NS NS 
5-7 * * * * NS * NS NS NS NS 
5-8 NS NS * * * * * * * NS 
6-7 * NS * NS NS NS NS NS NS NS 
6-8 NS NS * NS * NS * * * NS 
7-8 NS NS NS NS NS NS * NS * * 
%ot significant at the 0.05 probability level. 
*Significant at the 0.05 probability level. 
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are tabulated for the reader's benefit (Table 20). 
Growth parameters over time 
The regression equations developed and previously discussed offer 
insight into the change over time of the rate and non-rate variables. 
Although data collection for this experiment did not begin until 3 
weeks after clipping, the regression equations and derived quantities 
plotted against time are informative. While the numbers generated 
should not be considered absolutely correct, they are reasonable 
estimates of actual values (compare with soybean data of Clawson et 
al., 1986). 
Plots of RGR, NAR, and LAP are shown (Fig. 34 to 45). Treatments 
were separated into gradient (1, 2, 3, 4, 8) and non-gradient (5, 6, 7 
plus 1, 8) for more clarity. In 1983, RGR approached zero between 30 
and 40 DFC (Harvest 3). Slight upturns were indicated for all 
treatments••this reflected the fact that TDW had levelled off from 
Harvest 3 to Harvest 4, but had increased at Harvest 5 relative to 
Harvest 4. Relative growth values ranged from between 0.3 and 0.4 g 
g ^  day ^  at 1 DPC to 0 g g ^  day ^  between 30 and 40 DPC. The pattern 
of decrease was curvilinear between 0 and 30 DPC. Clawson et al. 
(1986) showed RGR decreasing linearly with time, and starting values 
were between 0.08 and 0.10 g g"^  day ^  for soybean. 
In 1984, most RGR's approached zero between 30 and 40 DPC, except 
T8 which crossed the zero line at 48 DPC. As in 1983, there were 
slight upturns in RGR past 40 DPC, except for T4, which also had a drop 
in TDW between Harvest 4 and Harvest 5. 
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Table 20. Regression values of crop growth rate (CGR), relative growth 
rate (RGR), net assimilation rate (NAR), and leaf area 
partition (LAP) growth parameters 
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5 





1 4.2 5.9 1.6 
g Clay -
3.2 -0.04 1.2 0.3 1.3 3.7 6.1 
2 3.6 5.2 2.1 3.9 0.8 1.1 0.8 0.5 3.9 2.5 
3 2.8 4.2 0.6 3.1 -0.6 1.9 0.01 3.3 4.1 7.1 
4 1.8 3.7 0.4 4.4 -0.4 2.6 -0.2 -0.9 1.4 -3.7 
5 3.7 4.1 2.0 3.0 0.8 1.9 0.2 3.4 0.8 11.1 
6 1.8 3.8 -3.0 1.7 -7.0 0.9 -8.6 3.0 •10.2 11.5 
7 4.7 6.6 2.5 4.5 0.2 1.3 -0.5 0.4 0.9 2.9 




1 0.06 0.088 0.02 
S g 
0.03 0.01 0.003 0.01 0.04 0.04 
2 0.07 0.08 0.03 0.04 0.01 0.01 0.01 0.004 0.04 0.02 
3 0.06 0.08 0.01 0.04 -0.01 0.02 0.001 0.03 0.06 0.05 
4 0.05 0.11 0.01 0.07 -0.01 0.03 0.01 -0.01 0.03 -0.05 
5 0.08 0.08 0.03 0.04 0.01 0.02 0.002 0.03 0.01 0.07 
6 0.08 0.06 0.03 0.02 0.01 0.01 -0.004 0.03 0.00 0.08 
7 0.08 0.09 0.03 0.04 0.002 0.01 -0.005 0.003 0.01 0.02 




1 3.2 6.5 1.5 
g m 
2.9 1.0 0.2 1.6 3.4 6.4 
2 3.1 6.3 2.0 3.7 0.8 1.1 1.0 0.5 4.5 3.1 
3 2.9 7.3 0.8 3.9 -0.8 2.5 0.01 3.5 5.9 9.0 
4 2.6 8.7 0.6 6.7 -0.8 3.3 -0.5 -1.5 3.0 -6.1 
5 5.1 6.6 1.5 4.5 0.3 2.8 0.07 3.5 0.4 10.9 
6 5.6 4.6 2.7 2.0 0.7 1.0 -0.4 3.6 0.01 12.4 
7 4.4 7.4 2.0 4.3 0.2 1.3 -0.6 0.5 1.0 5.0 






0.7 5,1 4.0 -1.9 
-m day /g day 
1 -0.01 0. 01 -0, ,02 0, ,00 -0, ,40 -0.02 0. 10 -0, 01 -0, ,02 0, ,01 
2 -0.01 0. 01 -0, .02 0, ,00 -0. ,01 -0.00 0. 01 -0, 03 -0, 00 -0, 02 
3 0.01 0. 01 -0, ,06 0, ,01 0, .06 0.00 -1. 70 -0, 00 0, ,02 0, ,00 
4 0.02 0. 01 0, ,06 0, ,01 -0, ,09 0.00 -0. 20 0, ,01 0, ,09 0, ,00 
5 0.03 0, 00 0, ,06 0, ,01 0, .20 0.01 0. 26 0, ,01 -0, ,09 -0, 01 
6 -0.03 -0. 01 -0, 01 -0, 04 0, .11 -0.09 -0. 14 -0, 03 0, ,90 -0, ,01 
7 0.01 0. 00 -0, 00 0, ,00 -0, .26 0.01 0. 08 -0, 07 -0, ,03 -0, ,02 
8 0.01 0. 01 -0, 00 0, ,01 -0, .05 0.00 -0. 01 0, ,00 0, ,01 -0, ,01 
a^r-variable. 
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Fig. 38. Net assimilation rates of Tl, T2, T3, T4, and T8 in 1983 
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Fig. 39. Net assimilation rates of Tl, T5» T6, T7, and T8 in 1983 
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Fig. 42. Leaf area partition factors of Tl, T2, T3, T4, and 
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Fig. 43. Leaf area partition factors of Tl, T5, T6, T7, and 
T8 in 1983 
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Fig. 45. Leaf area partition factprs of Tl, T5, T6, T7, and T8 
in 1984 
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Net assimilation rate is an important rate parameter which can 
serve as an approximator of photosynthesis. Many researchers have 
attempted to link growth to NAR (Curtis et al., 1969, Delaney et al., 
1974). 
From the 1983 plots, it seems that T8 had higher NAR than 
Tl, T2, T3, or T4, but not higher than T5 except at 1 or 2 DPC. Net 
assimilation rate can be interpreted as CGR adjusted for LA. Modelled 
LA for T5 increased more slowly than T8 LA for the period 1 to 20 DPC. 
This is part of the reason why T5 NAR was higher. At Harvest 1, water 
had been withheld from T5, so LA was relatively low, thus forcing 
modelled LA to be lower in the early growth cycle (1-20 DPC) than it 
might have been had early data points been available. In other words, 
the model cannot take into account the period of time that T5 was 
adequately watered and then deprived of water and this has caused a 
spuriously high NAR for T5. It is important to note, however, that 
NAR patterns were similar to the RGR patterns, also decreasing to zero 
around 30-40 DPC. In general, the modelled NAR showed that 
well-watered treatments had higher NAR than did stressed treatments--at 
least after 21 DPC, Periodic stress (T5, T6, T7) was reflected in 
lower NAR over the affected harvests. 
In 1984, NAR patterns were similar to 1983 NAR patterns, with NAR 
2 • ^ 
starting values between 20 and 40 g m day and approaching zero 
between 30 and 40 DPC. Modelled NAR of for soybean (Clawson et al., 
-2 -1 1986) had starting values of at least 3.0 g m day , and increasing 
beyond the plot boundaries. The observation that well-watered 
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treatments generally had higher NAR did not seem to be as good a 
generalization in 1984 as in 1983. 
Leaf-area partition was described as a measure of photosynthate 
partitioning to new leaf area (Potter and Jones, 1977) on the 
recognition that leaf-area expansion was an important measure of 
growth. Leaf-area partition was plotted for all treatments in 1983 and 
1984 (Fig. 42 to 45), and exhibited erratic behavior as the zero line 
was approached. Remember that LAP is (RLER/RGR)*LAR, or the ratio of 
leaf expansion rate to CGR: (dLA/dt)/(dTDW/dt). If CGR becomes, for 
example, an order of magnitude smaller, then LAP will suddenly become 
an order of magnitude larger. Biologically, it is non-sensical to 
believe that when TDW has ceased to increase that more photosynthate 
than ever will be partitioned to LA relative to TDW. Leaf-area 
partition is apparently a quantity that has little meaning as growth 
rates approach zero. 
Reference to Table 23 and reconnoitering SLA and LWR can give insight 
into how LAP might be expected to behave; stressed treatments such as T4 
(1983) had thicker leaves than well-watered treatments (low ratio of 
leaf area to leaf dry weight). Leaf weight ratio in 1983 for T4 
indicated that T4 was the leafiest treatment overall (relative to TDW), 
although its leaf area was usually quite small. Reviewing the evidence, 
we would expect that a continuously stressed treatment (T4), to have 
low LAP values. This is partially borne out in Fig. 42. 
Unfortunately, T8, a well-watered treatment, had the lower LAP values 
than T4, but T8 may have had low leaf area and LDW relative to TDW, 
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which had been a frequent occurrence for well-watered treatments 
(Table 21). The relatively low LAR values for T8 were probably a 
contributing factor to the low T8 LAP values. It is now possible to 
generalize cautiously and say that stressed treatments will tend to have 
lower LAP factors than well-watered treatments, unless the well-watered 
treatments have relatively low proportions of LA to TDW. 
Non-rate variables separated by harvest 
The non-rate variables (TDW, LDW, LA, SLA, LAR, and LWR) 
fortunately can be analyzed using conventional analysis of variance 
techniques. 
In discussing significant differences among the treatments, it is 
worthwhile to observe the treatment rankings over time (Table 21). In 
1983, T8 had the highest TOW means over all the harvests. 
Treatments 3 and 4 were consistently ranked seventh and eighth, 
respectively. (Remember that in this section, the means are based 
on actual data and not on regression analyses.) Host of the changes 
in rankings among the "Interior" treatments took place because of the 
timing of stress for T5, T6, and T7. It can be seen that T5 TDW was 
depressed during Harvests 1 and 2, showed recovery during Harvest 3, 
but fell again during Harvest 4. The period between Harvests 3 and 
4 was notable because there was a particularly long period between 
irrigations which caused Harvest 4 yields to decrease relative to 
Harvest 3 yields. Treatments 3 and 5 seemed particularly sensitive to 
this period without water. 
In 1984, T8 had the highest mean TDW only at Harvests 3, 4, and 5 
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Table 21. Means (M) and least significant differences (LSD) of 
variables (Var) total dry weight (TDW), leaf area (LA), and 
leaf dry weight (LDW) over all treatments (T) for 1983 
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5 
Var M TM TM TM TM 1 
-g- -g- -g- -g- -g-
66.Sa^  8 86.9a 8 101.2a 8 103.4a 8 120.2a 8 
62.4a 7 80.0ab 1 95.2ab 7 93.4b 7 106.7ab 1 
62.35a 1 77.7bc 7 89.9b 5 90.9b 1 97.1bc 2 
61.1a 6 71.led 6 89.6b 1 80.5c 6 89.3c 7 
51.2b 2 68.2d 2 79.4c 2 78.7c 2 87.2c 6 
49.1b 5 58.3e 5 73.3cd 6 72.9c 5 82.led 5 
48.3b 3 56. 6e 3 65. Od 3 52.8d 3 70.8d 3 
37.2c 4 44.5f 4 45. le 4 44.3d 4 48.8e 4 
2 2^ 2 2^ 2 
- m - -in • "Dtt " 
1.26a 1 1.05a 8 1.15a 8 1.28a 6 1.20a 1 
1.25a 6 1.04a 1 1.11a 5 1.27ab 1 1.12ab 8 
1.19a 8 0.98ab 7 1.11a 7 1.09abc 8 0.90bc 2 
1.19a 7 0.85bc 2 l.Olab 1 0.87abcd 7 0.83cd 5 
1.18a 3 0.79c 3 0.84bc 2 0.SObcd 5 0.78cd 6 
1.13a 2 0.73cd 5 0.79c 6 0.77cd 2 0.71cd 3 
0.84b 5 0.64de 6 0.73cd 3 0.57d 3 0.60de 7 
0.81b 4 0.55e 4 0.51d 4 0.46d 4 0.44e 4 
-g- -g- -g- -g- -g-
28, .4a^  7 36, , la 8 40, .8a 7 40.6a 8 43.7a 8 
26 , 8ab 6 33. , 6a 1 40, .6a 8 36.3b 7 38.8ab 1 
26, ,7ab 8 32. 5ab 7 38. 4a 1 36.0bc 1 34.2bc 2 
23, .7abc 3 29. Ibc 2 38, . Oab 5 32.2cd 6 32.2c 6 
22, .5abc 5 26. 8cd 3 32, .8cd 3 31.2d 2 30.8c 5 
22, .5 abc 2 25, Id 5 31, .9cd 3 30.5d 5 30.6c 3 
21 .5bc 1 24, .9de 6 26 .7d 6 22.7e 3 23.6d 7 
19 . Ic 4 21, .3e 4 20 .8e 4 19.2e 4 19.5d 4 
M^eans followed by the same letter were not significantly different 
at the 0.05 probability level. 
2 Analysis of variance was not significant at the 0.05 probability 
level. 
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(Table 22). At Harvests 1 and 2, T8 TDW was less than (but not 
significantly less than) the TDW of T7, which for both harvests had the 
highest TDW mean. Treatment 4 again had the lowest TDW mean at all 
harvests, and T3 consistently ranked sixth or lower in TDW rankings. 
Treatment 3's position as seventh was usurped by T5 (Harvest 2) and 
T2 (Harvest 5). Treatments 8 and 7 were significantly different only 
at Harvest 5, while T7 and T1 were never significantly different. On 
the other hand, T5 and T6, which like T7 were watered at the T1 level 
when not stressed, were significantly differently fron T1 at the 
harvests when they had been stressed. Total dry weight means in 1984 
never achieved the treatment separateness of T8, Tl, T2, T3 and 
T4 as in 1983. The degree of stress on the 1983 alfalfa was not as 
apparent on the 1984 alfalfa. Possibly beginning irrigation treatments 
sooner and a longer pre-treatment dry-down period could have caused 1984 
yields to separate more by treatment. The tendency toward less TDW, LA, 
and LDW was still observed, however, when stressed treatments were 
compared to non-stressed treatments. 
Leaf area was interesting in both 1983 and 1984. Clearly, T4 had 
lowest leaf areas in 1983 (Table 21), but in 1984, T6 had a very low 
leaf area during its stressed period (Table 22), which also coincided 
with an eighth place ranking og T6 LDW. For Treatments 5,6, and 7, leaf 
area tended to change with irrigation status. Treatment 5 showed abrupt 
recovery from stress at Harvest 3 with a leaf area of 1.11 m2 in 1983, 
The leaf area of T6 plummeted in 1983 from 1.25 m2 at Harvest 1 to 0.64 m 
at Harvest 2. At Harvest 4, T6 leaf area had recovered dramatically. 
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Table 22. Means and least significant differences of total dry weight 
(TDW), leaf area (LA), and leaf dry weight (LDW) in 1984 
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5 
Variable Mean T Mean T Mean T Mean T Mean T 
-g- -g- -g- -g- -g-
75.0a 1 7 114.0a 7 129, ,8a 8 164.0a 8 169, ,7a 8 
74.4a 1 108.2ab 1 120. ,6a 7 143.9ab 7 149, ,7ab 1 
70.3ab 6 95.9abc 2 177. , 6ab 1 136.2ab 2 149, •lab 6 
70.0ab 2 95.5abc 8 108. Ob 2 132.2b 5 148, ,9ab 5 
69.9a 8 84.6bc 6 87. Ic 6 130.5b 1 141, ,3b 7 
55.9bc 5 79.9cd 3 86. Ic 5 122.7bc 6 134, ,1b 3 
53.7bc 3 75.0cd 5 85. Oc 3 121.Obc 3 126, ,9b 2 
44.4c 4 58. Id 4 81. 3c 4 96.9c 4 77. , Ic 4 
2 2 2 2 2 
"in ~ -in " -m - -m -
-m • 
0, ,91a 1 1, .12a 1 1. 11a 8 1. , 14a 8 1. 11a 8 
0, ,87a 6 1, ,06ab 7 1. 08ab 7 1. 13ab 7 1. Olab 6 
0, ,865a 7 0, ,95abc 2 1. 04ab 1 1. 06ab 1 1. OOabc 1 
0, ,86a 2 0, ,87bcd 8 0. 94bc 2 1. 05ab 5 0. 91abcd 5 
0. ,75ab 8 0. ,84bcd 6 0. 825cd 4 0. 93ab 3 0. SObcde 3 
0. 61bc 5 0. ,80cde 3 0. 822cd 5 0. 91abc 2 0. 75cde 2 
0. , 60bc 3 0, 70de 5 0. 79d 3 0. 86bc 6 0. 69de 7 
0. 46c 4 0, ,59e 4 0. 74d 6 0. 66c 4 0. 63e 4 
-g- -g- -g- -g- -g-
27. ,7a 7 38.6a 1 46, ,5a 8 46. 8a 8 58.6a 8 
27. , Oab 1 37.8ab 7 44, ,labab 7 38.0abab 1 53.lab 1 
26. 2ab 6 34.Oabc 2 43, lab 1 36.8ab 5 52.6ab 6 
25. 7ab 2 31.8abc 8 41, ,0b 2 36.5ab 7 56.4ab 5 
24. , 7abc 8 30.Oabcd 6 33, ,3c 5 35.7bc 2 43.4bc 3 
20. , 3bcd 5 29.0bcd 3 32, ,7c 3 33.8bc 3 43.Obc 2 
19. , 7cd 3 27.7cd 5 30, ,8c 4 31.4bc 6 40.3c 7 
16, ,5d 4 22.4d 4 30 , 6c 6 25.3c 4 27. Id 4 
iMeans for a variable followed by the same letter are not 
significantly different at the 0.05 probability level. 
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Treatment 7 leaf area declined sharply at Harvest 5, which was during 
its stress period. The other treatments (1, 2, 3, 4, and 8) tended 
to remain relatively steady, with small fluctuations. Treatment 4 leaf 
area did decrease at each harvest, but leaf area showed subsequently 
smaller decreases from Harvest 2 on. In essence, treatments with the 
higher TDW tended to have the highest leaf areas. 
Leaf dry weight fluctuations can also be indications of stress on 
the alfalfa. Treatment 3 in 1983 was a good example (Table 21). Mean 
TDW of T3 declined by 12.2 g from Harvest 3 to Harvest 4. Mean LDW for 
T3, 1983 declined by 9.2 g. Mean leaf area declined from 0.73 m2 to 
0.57 m2. No other treatment, except T5, showed such a strong reaction to 
water stress during this period. Statistically, T8 was similar to T7 
during the first 3 harvests, and similar to Tl at Harvests 2,3, and 5. 
Other differences and similarities are listed in Table 21. 
Leaf dry weight in 1984 showed T8 similar to Tl at all harvests 
and similar to T7 at all but Harvest 5 (Table 22). Other similarities 
with T8 were observed, but T7 and Tl were the most consistent. Again, 
T4 had lowest LDW except at Harvest 3 when it ranked seventh but was not 
significantly different from 16 LDW, which ranked eighth. As with leaf 
area, LDW tended to loosely follow TDW rankings. 
The ratio variables LAR, SLA, and LWR aid understanding of the 
reltionships of leaf area and leaf dry weight to total and leaf 
dry weights (Tables 23, 24). 
Leaf area ratio indicated that in 1983, the most stressed 
treatments (T3 and T4) had higher proportions of LA to TDW than did T8. 
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Table 23. Means and least significant differences (LSD) of leaf area 
ratio (LAR), leaf weight ratio (LWR), and specific leaf area 
(SLA) in 1983. 'T' stands for treatment 
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5 
Variable Mean T Mean T Mean T Mean T Mean T 
LAR 
0 .024a 1 3 0.014a 3 0 .0124a2 5 0.016a 6 0 .OllaZ 1 
0 .0223ab 4 0.013ab 1 0 .0117a 7 O.OUab 1 0 .010a 5 
0 .022ab 2 0.0126ab 7 0 ,0114a 8 O.Ollab 5 0 .010a 3 
0, ,020abc 6 0.0125ab 2 0. ,01135a 4 0.0107b 3 0 ,009a 4 
0, ,020abc 1 0.0125b 5 0, 0112a 1 0.0106b 8 0 ,009a 2 
0, 019bc 7 0.0124b 4 0, 0109a 3 0.010b 4 0, ,009a 8 
0, ,018c 8 0.012b 8 0, ,0107a • 6 0.0098b 2 0, ,009ab 6 
0, ,017c 5 0.009c 6 0, ,0106a 2 0.009b 7 0. ,007b 7 
0, ,54a 2 • 4 0.48a 4 0, 486a 3 0.434a2 4 0, ,43a 3 
0. ,49ab 3 0.47a 3 0, ,463ab 4 0.429ab 3 0. .40ab 4 
0, ,459abc 5 0.43b 5 0.429bc 7 0.420abc 5 0. .38ab 5 
0.456abc 7 0.426b 2 0, 428bc 1 0.400abc 1 0, ,369b 6 
0, .44abc 2 0.418b 1 0, ,425bc 5 0.399bc 6 0, ,365b 1 
0 .44abc 6 0.418b 7 0, 412bcd 2 0.398bc 2 0, ,363b 8 
0 . 40bc 8 0.416b 8 0, ,402cd 8 0.393c 8 0, ,354b 2 
0 .39c 1 0.35c 6 0, ,364d 6 0.389c 7 0, ,26c 7 
0 .067a 2 1 0, ,031a 1 0, .030a 6 0.039a2 6 0, 030a2 1 
0 , 05ab 2 0. ,030a 7 0, .029a 5 0.034ab 1 0, 027ab 5 
0 ,049ab 3 0, ,029a 2 0 .028a 8 0.027b 8 0, ,027ab 2 
0 ,047b 6 0, ,029a 3 0, 027ab 7 0.026b 5 0, ,025ab 8 
0, ,044b 8 0, ,029a 8 0. ,026ab 1 0.025b 3 0, ,025ab 7 
0, ,043b 4 0, ,029a 5 6, ,026abc 2 0.025b 2 0, ,024b 6 
0, ,042b 7 0, ,026b 4 0, ,024bc 4 0.024b 4 0. ,024b 3 
0. ,038b 5 0. ,026b 6 0, ,022c 3 0.024b 7 0, ,023b 4 
M^eans followed by the same letter are not significantly different 
at the 0.05 probability level. 
A^nalysis of variance was not significant at the 0.05 probability 
level. 
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Table 24. Means and least significant differences (LSD) of leaf area 
ratio (LAR), leaf weight ratio (LWR), and specific leaf area 
(SLA) in 1984 
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5 
Variable Mean T Mean T Mean T Mean T Mean T 
LAR 0.0124a 2 2 0.0106a^  4 0.0102a^  4 0.0081a 7 0.0082a 4 
m2 g-1 0.0123a 6 0.0102ab 6 0.0096ab 5 0.0080a 5 0.0068b 6 
0.00123a 1 O.OlOlab 3 0.0092ab 3 0.0079a 1 0.0067b 1 
0.0116a 7 O.OlOlab 2 0.0089ab 2 0.0077a 3 0.0066b 8 
0.0111a 5 O.OlOlab 4 0.0088ab 7 0.0071a 4 0.0061b 5 
0.0111a 8 0.0095bc 5 0.0088ab 1 0.0070a 8 0.0060b 3 
0.0111a 3 0.0095bc 7 0.0086b 8 0.0069a 6 0.0060b 2 
0.0111a 3 0.0092c 8 0.0085b 6 0.0052a 2 0.0046c 7 
LWR 0.396a 2 4 0.380a 4 0.390a % 5 0.380a 4 0.355a 1 
g g-1 0.373a 6 0.370ab 5 0.385ab 3 0.376ab 1 0.351a 6 
0.371a 7 0.363ab 3 0.380ab 2 0.370abc 3 0.351a 8 
0.367a 2 0.361b 1 0.378ab 4 0.365abc 5 0.350a 4 
0.366a 5 0.361b 6 0.370abc 1 0.350bcd 8 0.343a 2 
0.365a 3 0.360b 2 0.360bc 7 0.347cd 2 0.339a 5 
0.363a 8 0.330c 8 0.359c 8 0,340d 6 0.324a 3 
0.362a 1 0.330c 7 0.350c 6 0.330d 7 0.280b 7 
SLA 0.0339a 1 0.0293a 1 0.0270a 4 0.0244a 7 0.0238a 4 
m2g-l 0.0336a 2 0.0284a 7 0.0247a 5 0.0219ab 5 0.0193b - 6 
0.0330ab 6 0.0283a 6 0.0246a 7 0.0210ab 1 0.0190b 8 
0.0314abc 7 0.02829b 2 0.0244a 6 0.0208ab 3 0.0189b 1 
0.0306bcd 8 0.0279ab 3 0.0240a 1 0.0201ab 6 0.0185b 3 
0.0303cd 3 0.0275abc 8 0.0240a 3 0.0197b 8 0.0181b 5 
0.0302cd 5 0.0261bc 4 0.0238a 8 0.0194b 2 0.0174b 2 
0.0284d 4 0.0258c 5 0.0233a 2 0.0185b 4 0.0161b 7 
at the 0.05 probability level. 
2 Analysis of variance was 
level. 
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Treatment 5, which underwent a sudden stress at Harvest 1, had the 
lowest ratio of lA to TDW, indicating that differences in the way 
stress occurred caused different reactions of the plant at the time of 
stress. Treatments which were continuously stressed tended to not 
react so strongly to stress as treatments which were well-watered and 
subjected to a sudden stress. Plants which are continuously stressed 
become "hardened"--a process also known as osmoconditioning which 
results in the accumulation of solutes in cells (Turner and Burch, 
1983). This may have occurred in this experiment, but was not 
documented. This process allows plants to maintain turgor in cells even 
if water becomes limiting. Treatment 5 recovered from stress, however, 
and had the highest LAR at Harvest 3. In 1984, T3 and T4 gradually 
showed increasing LAR rankings compared to less-stressed treatments 
until Harvest 4. Leaf area ratio in general decreased over time for 
every treatment. Statistical differences can be compared in Tables 
23 and 24. 
Leaf weight ratio showed more definite rankings by treatment in 
both years, particularly in 1983. In 1983, T4 and T3 LWR were 
consistently highest, indicating that stressed treatments were leafier 
than well-watered treatments. Also, LWR comparisons between the years 
showed that in 1983 a higher proportion of TDW was LDW. In fact, over 
50% of TDW for T4 at Harvest 1 was LDW. Leaf weight ratios decreased 
over time for all treatments with minor exceptions (Tl, T8 at Harvests 
1 and 2, 1983). Treatments 3 and 4 were statistically similar over all 
harvests, as were Tl and T8 (Table 23). 
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Leaf weight ratios in 1984 were more randomly arranged than 
in 1983 (Table 24). Treatment 3 and 4 were consistently ranked 
among the top 4 treatments for LWR. As in 1983, treatments 6 or 7 had 
quite low LWR from Harvest 2 on. Treatment 8 LVR was almost as low 
ranked in 1984 as in 1983. 
Specific leaf area can be considered a measure of leaf thickness. 
If SLA is relatively large, then the leaf is relatively thin. 
Treatments 3 and 4 in 1983 gradually evolved thicker leaves over time 
and usually had thicker leaves than the other treatments (Table 23). 
In general, alfalfa leaflets became smaller in time (this observation 
was made in the field as the author found it increasingly difficult to 
find a leaflet large enough for the Licor 1600 aperture). Therefore, 
it is not surprising that SLA decreases with time. 
Treatments 5,6, and 7 fluctuated widely over the harvests, with T5 
and T6 leaflets becoming thinner during recovery from stress (Table 23). 
Treatment 7 was affected by stress at Harvest 4, and this is reflected 
by T7 having the smallest SLA. This is true, also of T5 and T6 at 
Harvests 1 and 2, respectively. 
In 1984, T4 fluctuated from lowest SLA to highest SLA (Harvest 3), 
back to smallest SLA (Harvest 4) and back to highest SLA (Harvest 5, 
Table 24). No logical explanation can be ventured for this erratic 
behavior, except to note that at Harvest 3, T4 SLA actually was not 
significantly different from the other SLA's, Again, T5, T6 and T7 
showed some effects of sudden stress at different times in the growth 
cycle. Treatments 5 and 7 seemed most affected: T6 SLA did not drop or 
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Increase much relative to the other treatments, whereas T5 and T7 did. 
As in 1983, SLÂ decreased over time, indicating that leaflets became 
relatively thicker (Table 24). 
Correlation 
The importance of various growth parameters in determining growth 
has been analyzed and often discussed (Patterson et al., 1978; Potter 
and Jones, 1977). Even though the growth parameters are highly 
inter-related through mathematical parameter definitions, it can be 
instructive to calculate statistical correlation between parameters. 
This was done for RGR, NAR, LAP, and LAR regression values at each 
harvest date (Table 25). Only the gradient treatments were included in 
the correlation analysis. In both years, RGR was more highly 
correlated with NAR than with LAP. Correlations of RGR to LAP were 
negative during Harvests 1,2,3, and 5 of 1983. Positive RGR-LAP 
correlations occurred at Harvests 2,3, and 4 in 1984. 
Patterson et al. (1978) found that RGR was better correlated with 
NAR for plants grown at different irradiances. The reason RGR was 
not so well-correlated with either LAP or LAR was that low irradiances 
decreased both RGR and NAR, but caused LAP and LAR to increase 
simultaneously. Potter and Jones (1977) studied plants grown at 
different temperatures and found that RGR was better correlated with LAP 
because temperature influenced LAP and LAR more than NAR. 
This experiment, however, unlike that of Patterson et al. (1978) 
or Potter and Jones (1977), was a field study. Water stress was the 
differential treatment effect applied and reference to the stomatal 
Table 25. Correlations among relative growth rate (RGR), net 
assimilation rate (NAR), leaf area partition (LAP), and leaf 
area ratio (LAR) for Harvests 1-5 for 1983 and 1984. 
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5 
Paired 
Variables 1983 1984 1983 1984 1983 1984 1983 1984 1983 1984 
RGR-NAR 0, .74 a 0, .94 0. 94 0 .99 0, .99 0, ,99 0, ,98 0, ,97 0.91 0, ,99 
RGR-LAP -0, .51 -0 .19 -0. 20 0 .51 -0, .04 0. 61 0, .40 0, .02 -0.44 -0, .01 
RGR-LAR -0, .19 0. 40 -0. 82 -0 .04 -0, ,40 -0, .38 0, ,14 -0, ,68 0.56 -0, .94 
NAR-LAP -0, .07 -0. 02 -0. 28 0 .54 -0, .07 0, .65 0, ,35 0, .03 -0.30 0. 08 
NAR-LAR -0. ,77 0, .11 -0. 82 -0 .02 -0, .48 -0, .31 0, ,12 -0, .81 0.16 -0, .90 
LAR-LAP -0, ,50 -0, ,85 0. 15 0 .49 -0, ,66 -0. ,25 0. ,38 -0. ,39 -0.45 0, .35 
V^alue must be at least ±0.865 for the correlation to be 
significant at the 0.05 probability level. 
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conductance sections (Part V) of this thesis reveals clearly that 
exchange of water vapor and therefore carbon dioxide was seriously 
affected by water deficit stress. Net assimilation rate was more highly 
correlated with RGR because leaf area is (in this experimental context) 
the primary factor in determining amounts of photosynthate produced. The 
interpretation of NAR is the amount of photosynthate produced per unit 
leaf area. This can be considered a measure of efficiency of the plant's 
photosynthetic "machine". Leaf area partition, on the other hand, is 
simply a measure of where photosynthate is going in the plant after it is 
produced. A high LAP does not necessarily mean a high RGR (recall what 
happens when RGR approaches 0). 
Under varying water-deficit-stress conditions, the plant functions 
most directly affected are water vapor and COg exchange with the 
atmosphere. The amount of COg entering the stomata is directly 
affected by the size of the stomatal aperture, which in turn is directly 
affected by the plant's water status. It is apparent from comparing the 
results of Patterson et al. (1978), Potter and Jones (977), and the 
results of this study that plant physiology is quite differently 
affected when one growth necessity is changed while the others are 
constant among treatments. The alfalfa experiment results agree 
with those of Patterson et al. (1978) because plant water status and 




Major points made In this section were: 
1. Using functional growth analysis avoided the assumptions inherent in 
traditional rate variable calculations (Radford, 1967). 
2. Functional frowth analysis privides a means for evaluating rate 
variables at the same time as non-rate variables which can be 
directly calculated from discrete harvest data. 
3. Confidence bands about the functional regression provide a way of 
inferring treatment statistical differences in rate variables that 
should be used cautiously. 
4. Derived rate variable curves for alfalfa (RGR, NAR, LAP) resembled 
those of Clawson et al. (1986) in shape and trends if not in absolute 
values. 
5. Water-deficit-stress effectively reduced TDW, lA, and LDW as alfalfa 
became more stressed. 
6. More highly stressed alfalfa tended to have higher proportions of 
leaf weight to total dry weight than well-watered alfalfa. 
7. As alfalfa became more water-deflclt-stressed, leaves tended to 
produce less leaf area per unit leaf dry weight (leaves became 
thicker). 
8. Relative growth rate was highly correlated with NAR because 
water-deficit-stress strongly affects the basic mechanism of COg 
Intake for the purpose of carbon fixation. 
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PART V. STOMATAL CONDUCTANCE OF WATER-DEFICIT-STRESSED ALFALFA 
Introduction 
Little is known of alfalfa stomatal conductance under 
water-deficit-stressed conditions. Alfalfa is a difficult crop 
for porometry studies because of its small leaf size. 
Relationships have been established for other crops and plants, 
including cotton (Gossypium hirsutum L.) and water hyacinth 
(Eichhomia crassipes L. ) using stomatal conductance or resistance 
data and the CWSI (Idso and Reginato, 1982; Idso et al., 1984b). Carter 
and Sheaffer (1983b) found that leaf conductance of alfalfa varied.among 
irrigation treatments, with least-stressed treatments having highest 
conductances. The relationship of leaf conductance and canopy 
temperature showed a linear relationship with n-29 and r-squared of 0.44. 
This stomatal conductance experiment sought to answer three 
questions : 
1. How does stomatal conductance vary during daylight hours for three 
selected irrigation treatments? 
2. How does alfalfa stomatal conductance behave during an irrigation 
cycle (a period of 6 days)? 
3. Is there a relationship between the stomatal conductance and the 
CWSI during the irrigation cycle? 
4. Are there differences between upper and lower stomatal conductances 
within treatments? 
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Materials and Methods 
Refer to main MATERIALS AND METHODS for general information about 
plot randomization, irrigation treatments, cultural methods, etc. This 
section will describe specifically the treatment selections, sampling 
design, and techniques of data collection and analysis for the stomatal 
conductance experiment. 
Stomatal conductance data were collected in 1984 on 3, 4, 7, 8, 
and 9 August. Only treatments 8,2,and 4 of the fifth harvest plots 
were included because of time constraints. A Li-Cor 1600 Steady-State 
porometer was fitted with a small leaf aperture that had a measurement 
2 
area of 0.6 cm . Variables recorded for data analysis 
were transpiration, stomatal conductance, and leaf temperature. Two 
leaves per pot in full sunlight near the top of a stem were selected for 
measurement. The bottom (abaxial) conductance was measured on a 
middle leaflet, while the top (adaxial) conductance was measured on a 
side leaflet of the same trifoliate. This system was used because 
the alfalfa leaflets were quite small and the instrument clamp might have 
interfered with gas exchange and transpiration of the opposite surface. 
It was assumed that water relations of a trifoliate leaf were similar 
among the leaflets. It was necessary to invert the leaflet to take 
the top measurement because the sensor head was cumbersome to handle 
with the very small size of the leaflets. 
Stomatal conductance data were collected between 1130 and 1330 
hours on each measurement day. In addition, data were collected 
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throughout the day on 3 August 1984. Those data were taken at 
approximately 0930, 1130, 1430, and 1700 hours. It was not possible to 
begin earlier or continue later, as dew on the plants had to evaporate 
before measurements could begin, and the sun fell below the treeline 
located 100 m west of the irrigation field at about 1800. Measurements 
were recorded when the data values began to stabilize, that is, to 
exhibit neither a steady increase or a steady decline. 
Data were averaged by container and then by treatment at each 
measurement time or for each day measurements were taken. Only the 
abaxial leaf temperatures were used in leaf temperature averaging 
procedures, because of possible changes in adaxial leaf temperature 
that could result from inverting the leaf to take the adaxial data. 
Leaf temperature is very sensitive to changes in radiation load. 
Results and Discussion 
Stomatal conductance during a single day 
Stomatal conductance behavior during a day (3 Aug.) is shown in 
Fig. 46. At 0930, T8 had a stomatal conductance (SC) of about 800 mmol 
m ^  s the SC of T2 was about 730 mmol m ^  s and the SC of T4 was 
about 560 mmol m s At 1130, the T8 SC had risen slightly, while 
SC for T2 and T4 had decreased. At 1430, SC for T8 and T2 had 
decreased, while the SC for T4 had increased very slightly and remained 
steady until the final measurements at 1730. The SC for T8 and T2 
decreased during the final period from 1430 to 1730. 
Fig. 46. Stomatal conductance on 3 August 1984 at four times 
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The T8 behavior indicated that at 1130, maximum stomatal opening 
among the measurement periods had been achieved in response to maximum 
radiation load because water was not limiting for T8. But for T2 and 
T4, decreases in SC indicated that as radiation load increased, 
limiting water conditions caused the closure of stomata and an 
accompanying decrease in SC. Photosynthetically active radiation (PAR) 
values at 0930, 1130, 1430, and 1730 were 1855, 2020, 1745, and 980 
micro-Einsteins m" s , respectively. At 1730, T2 and T4 stomatal 
conductances coincided, while T8 SC remained slightly higher. 
Transpiration for T8 was 10 mmol m ^  s ^  at 0930 (Fig. 47), 
rising to 16.6 nmiol m* s at 1130, By 1430, T8 transpiration had 
declined to 13.8 mmol m ^  s and at 1730 was at 6.6 mmol m ^  s 
Treatment 2 transpiration deviated slightly from its stomatal 
- 2 "1 
conductance pattern. At 10.6 mmol m s at 0930, T2 was transpiring 
at a higher rate than T8. At 1130, T2 transpiration had risen to 14.4 
mmol m s , in contrast to the decline from 0930 to 1130 of its 
stomatal conductance. At 1430, T2 transpiration had decreased, and at 
1730 was 5.5 mmol m" s" . The T4 transpiration pattern was consistent 
with its stomatal conductance patern. Transpiration for T4 reached a 
high of 9.7 mmol m"^  s"^  at 1430 and decreased to 5.6 mmol m ^  s ^  at 
1730. 
The transpiration and conductance values should follow the same 
pattern within each treatment because SC is calculated as water vapor 
mole fraction gradient/ transpiration (in molar flux density units). 
No explanation can be advanced for the discrepancies in the 
! 
Fig. 47. Transpiration on 3 August 1984 at four times during 
the day 
TRANSPIRATION (mmol m—2 s—1) 
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237 
SC-transpiration patterns. No inconsistencies are apparent in the raw 
data or in the averaging procedures. 
Leaf temperature, however, rose steadily for all three treatments 
(Fig. 48) until peak values of 31.5, 32.0, and 32.2 ®C for T8, T2, 
and T4, respectively, were attained at 1430. For T8 and T2, this was 
a breach of the pattern established for SC and transpiration maxima at 
1130, the time of maximum recorded PAR. Cuvette temperature of the 
porometer, however, was highest during the 1430 measurement period. 
According to Li-Cor, Inc. (1981), the instrument cuvette temperature 
tracks ambient temperature within 3.5 ®C. Highest cuvette temperatures 
at each measurement period were 28.8, 31.6, 36.6, and 29.4 'C for 0930, 
1130, 1430, and 1730, respectively. A tentative link between air 
temperature and leaf temperature of alfalfa might be considered based 
on this information. It is known that smaller leaves tend to be more 
closely coupled to the environment than large leaves (Gates, 1980). 
Analysis of variance (AOV) tests were performed on the data for 
each measurement period. At 0930, 1130, and 1430, the AOV indicated 
that significant differences existed in stomatal conductance (Table 26). 
At 1730, there were no significant differences in SC teatment means. In 
each case, sampling error, an indication of within-container sampling 
variability, showed no significant differences. Similar analyses were 
conducted for leaf temperature and transpiration. 
Tests of least significant difference (Isd) and orthogonal 
contrasts were used to test for specific treatment differences (Tables 
27, 28). The Isd tests were used only if the AOV at each sampling 
/ 
Fig. 48. Leaf temperature on 3 August 1984 at four times during 
the day 
LEAF TEMPERATURE (C) 
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26. Analysis of variance significance results for 
stomatal conductance on 3 August 1984 
Time of day 








20134 35762 38750 19953 
*,** Significant at the 0.05 and 0.01 
probability levels, respectively. 
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Table 27. Least significant difference tests for stomatal 
conductance throughout a day 
Time of day 
Treatment 0930 1130 1430 1730 
T8 801.Sa^  808.0a 593.4a 433.7^  
T2 734.0a 643.2a 475.5a 358.6 
T4 558.8b 360.6b 366.4a 362.5 
M^eans followed by the same letter are not significantly 
different at the 0.05 probability level. 
2 Lsd test is not applicable because the analysis of 
variance was not significant at the 0.05 probability level. 
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Table 28. Orthogonal contrasts for stomatal conductance 
throughout a day with F-. ». at the 0.05 
probability level ' 
Treatment Time of day 
Contrast T8 T2 T4 0930 1130 1430 1730 
1 1 -1 0 NS^  NS NS NS 
2 -1 -1 2 * * NS NS 
N^S means not significant at the 0.05 probability level. 
*Significant at the 0.05 probability level. 
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period showed significant treatment differences at the 0.05 level. 
The orthogonal contrasts tested T8 and T2 differences as well as 
T8+T2 vs. 2*T4 differences. Significant differences were found between 
T8+T2 and 2*T4 at 0930 and 1130. These were the times of day that had 
highest PAR and also greater stomatal conductances. Differences among 
treatments became NS as stomatal closure took place. 
Standard errors of stomatal conductance treatment means throughout 
the day are listed in Table 29. 
Stomatal conductance during an irrigation cycle 
Stomatal conductance was measured during an irrigation cycle. The 
containers were irrigated on days 216 and 220. Data for SC was 
collected for days 216, 217, 220, 221, and 222. On day 216 (3 Aug. 
1984), SC ranged from 808 mmol m"^  s ^  (T8) to 360 mmol m ^  s ^  (T4) 
On day 220 (7 Aug. 1984), the irrigation occurred in late afternoon, 
while SC data was collected between 1130 and 1330. The SC data for 
7 August showed that alfalfa was still in a dry-down cycle (Fig. 49). 
On day 221 (8 August), SC had increased somewhat for all treatments. 
On day 222 (9 August), however, SC decreased slightly for T2 and 
considerably for T4, while SC for T8 increased to about its level on 4 
August. An interesting point on day 220 is that SC for T2 was higher 
than SC for T8. A possible explanation could be that T8 had more 
biomass to support and faster transpirational rates which caused 
soil water to be depleted faster. In response, T8 transpiration was 
decreased, and therefore SC also. Treatment 8 showed greater 
fluctuations in SC than T2 or T4 during the irrigation cycle. 
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Table 29. Standard errors of stomatal conductance treatment 
means on 3 August, 1984 
Time of day 
Treatment 0930 1130 1430 1730 
T8 28.8 67.6 88.3 36.2 
T2 43.2 57.7 40.2 34.2 
T4 40.4 46.0 55.0 31.7 
Fig. 49. Stomatal conductance during a dry-down irrigation 
cycle 
DAY OF YEAR 
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Transpiration for the three treatments showed a similar pattern 
with a few exceptions (Fig. 50). Again, transpiration was greater 
on day 220 for T2 than T8 or T4. On day 221, transpiration had 
increased for T8 and T4, but decreased from day 220 for T2. No 
explanation can be advanced for this discrepancy. 
Leaf temperature (Fig. 51) increased from less than 27.0° C on 
day 217 to more than 34.0 "C on day 220. Leaf temperature declined to 
between 30.0 and 32.0 "C on day 221, and ranged from less than 28.0 "C 
to more than 32 "C on day 222. Such a pattern during the irrigation 
cycle indicates that on day 217, one day past an irrigation, all 
treatments were tightly grouped and not suffering from water stress 
(this will be discussed further in the next section). On day 220, four 
days past irrigation, all treatments were again tightly grouped at a 
considerably higher temperature. On day 221, the treatments were 
grouped at a lower temperature than on day 220. On day 222, the 
leaf temperature indicated a range of water status conditions. 
Statistical analysis using Â0V for each day indicated few 
significant treatment differences (Table 30). Significant 
differences were found only on day 222, the same day that showed the 
large range of data in Fig. 49. Sampling differences were also 
significant on day 222, but not on other days. This is an indication 
of the variability inherent in rates of soil dry-down and therefore plant 
water relations even within a small container. 
The Isd test for day 222 (Table 31) showed that T8 and T4 SC 
means were significantly different. The orthogonal contrasts (Table 
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Table 30. Analysis of variance significances for stomatal 
conductance during an irrigation cycle 
Day of Year 
Source 216 217 220 221 222 
Treatment 
mean square error 11943** 121680 157854 39702 72837** 
Within-pot 
sampling error 20134 50960 124773 39371 20367* 
*,**Signifleant at the 0.05 and 0.01 probability levels 
respectively. 
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Table 31. Least significant difference tests for stomatal 
conductance during an irrigation cycle 
Day of year 
Treatment 216 217 220 221 222 
T8 808 .Oa^  930.4% 487. ,l2 780, ,32 902.0a 
T2 643, ,2a 801.7 686. 2 743, ,9 714.1a 
T4 360, ,6b 723.9 434. 3 692. 1 357.8a 
M^eans followed by the same letter are not significantly 
different at the 0.05 probability level. 
2 Lsd tests are not applicable because the AOV test showed 
significant differences at the 0.05 probability level. 
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32) showed no significant differences among the chosen contrasts except 
on day 222, where the T8+T2 vs. 2*T4 contrast was significant. 
The results of the multiple comparison tests Indicate that there 
is sufficient variability in the SC data that statistically significant 
treatment differences are often not found. In addition, variability is 
very much dependent on the stage of irrigation cycle during which the 
data is collected. Standard errors for stomatal conductance treatment 
means are listed in Table 33. 
Stomatal conductance and the CWSI 
Despite the fact that SC data were collected before the irrigation 
on day 216, there is no distinct pattern of SC vs. CWSI (Fig. 52). All 
SC values were relatively low, and spread along a relatively broad 
range of CWSI. 
- The dally CWSI is used now as an Independent indicator of water 
stress upon the alfalfa. On day 217, there was no pattern 
to the SC vs. CWSI data (Fig. 53). In the irrigation cycle, day 
217 is one day past an irrigation. On day 220, four days past 
irrigation, the SC vs. CWSI data again showed no pattern except that the 
data had shifted to the right of the zero CWSI line, instead of the 
left, as on day 217 (Fig. 54). On day 221, an ill-defined pattern 
emerged (Fig. 55). As CWSI Increased, stomatal conductance decreased 
very slightly. Day 221 was one day past an irrigation. On day 222, a 
very distinct pattern emerged (Fig. 56) which showed that stomatal 
conductance definitely decreased as the CWSI increased. The relationship 
seemed to be curvilinear, but no analyses were done to confirm. Idso and 
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Table 32. Orthogonal contrasts for stomatal conductance 
during an irrigation cycle 
Treatment Day of Year 
Contrast T8 T2 T4 216 217 220 221 222 
1 1 -1 0 NS^  NS NS NS NS 
2 -1 -1 2 * NS NS- NS * 
N^ot significant at the 0.05 probability level. 
•Significant at the 0.05 probability level. 
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Table 33. Standard errors of stomatal conductance treatment 
means during an irrigation cycle 
Day of Year 
Treatment 216 217 220 221 222 
T8 67.6 82.0 118.3 54.1 51.8 
T2 57.7 71.5 165.4 51.7 58.8 
T4 46.0 104.5 70.1 69.3 56.4 
1 
Fig. 54. Stomatal conductance and the CWSI on day 220 
13 














0.8 —0.6 -0.4 
to 
ts> 
CROP WATER STRESS INDEX 
ï 
# 




CROP WATER STRESS INDEX 
1 
Fig. 56. Stomatal conductance and the CWSI on day 222 
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Reglnato (1982) established a curvilinear relationship between 
diffusive resistance and the CWSI. 
Adaxial and abaxial stomatal conductance 
Stomatal conductance data were analyzed for adaxial (upper 
surface) and abaxial (lower surface) conductance values. According to 
Nobel (1983) and Heichel (1983), alfalfa is an amphistomatous species, 
with about the same number of stomata on each leaf surface. However, 
Heichel (1983) reported that the upper surface had slightly more stomata 
than the lower surface. Yet it is possible that real differences could 
be found on water-deficit-stressed alfalfa. An analysis of variance 
on adaxial vs. abaxial surfaces (Table 34) showed significant differences 
between adaxial and abaxial surfaces on 3, 4, and 8 Aug. Treatment 
8 showed a significant difference on 9 Aug. The AOV evidence suggests 
that one transpiring surface begins to "shut down" before the other. 
On 7 Aug., the upper and lower surface SC were almost the same. On 3, 4, 
and 8 Aug., mean upper conductances (Table 35) were about 55% of mean 
total conductances (adaxial + abaxial conductance). On 7 and 9 Aug., 
adaxial SC was 50% of total conductance. It seemed that proportional 
upper conductance increased before lower conductance as water conditions 
became more favorable. The 8th of Aug. was one day past irrigation, as 
was 4 Aug. Treatment 8 tended to follow the same pattern of upper SC 
increasing before lower conductance, but not as strongly as T2. 
Stomatal conductance for T4 showed that adaxial SC was generally higher 
(but not significantly higher) than abaxial SC. The analysis suggests 
that it may be normal for there to be small differences in SC between 
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Table 34. Analysis of variance of adaxlal and abaxial stomatal 
conductance of alfalfa on four days and for each 
treatment 
F values for Indicated treatments 
Day 8 2 4 
3 Aug. 0.20 10.10** 0.06 
4 Aug. 1.40 11.10** 0.18 
7 Aug. 0.00 0.01 0.49 
8 Aug. 0.85 10.10** 0.27 
9 Aug. 7.26* 3.80 3.21 
*,**Slgnifleant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table 35. Adaxîal and abaxlal stomacal conductance means by 
treatment on differenc days in 1984 
Treatment 
8 2 4 





































surfaces (affected by stomate numbers and irradiance levels), but that 
the upper surface is more responsive to changes In water-deficit-stress 
No statistical differences were found among treatments during the 
day on 3 Aug. (Table 36). Âdaxial and abaxial means seemed to follow 
the same trends discussed in the previous paragraph (Table 37). 
Summary 
Stomatal conductance, transpiration, and leaf temperature 
behavior throughout a day differed in time of maximum quantities. 
While SC and transpiration behavior should have followed 
the same pattern within a treatment, there were anomalies in the 
patterns of these two parameters that should not have existed. Leaf 
temperature, however, showed a maximum later in the day, and this was 
postulated to be an effect of small leaves being tightly coupled to the 
environment than large leaves. 
During an Irrigation cycle, conductance, transpiration, and leaf 
temperature provided clues to the water status of the alfalfa. 
Matching the conductance data to an Independent water status index (the 
CWSI), showed further the patterns of soil dry-down after irrigations 
that affected alfalfa water status. A definite relationship between SC 
and the CWSI occurred 2 days past irrigation on day 222. If data 
were available beyond day 222, it is possible that the relationship 
would resemble the data on day 222, 4 days past irrigation. 
Few differences were found between adaxlal and abaxlal stomatal 
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Table 36. Âdaxial and abaxial stomatal conductance means by 
treatment at different times of day on 3 Aug. 1984 
Treatment 
8 2 4 






























Table 37. Analysis of variance of adaxlal and abaxial stomatal 









0930 4.45 0.24 4.48 
1130 0.20 10.10** 0.06 
1430 0.01 0.37 0.20 
1700 0.20 0.32 0.03 
**Slgnlfleant at the 0.01 probability level. 
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conductance over an entire day, but more significant differences 
occurred at one-time-of-day measurements on 3, 4, and 8 August. The 




Sumnary, Conclusions and Research Recommendations 
Calculation of the' CWSI 
The relationship of Tc-Ta and the CWSI to windspeed was scrutinized 
for 1984 field data. According to theory (Jackson et al., 1981), at the 
CWSI upper limit, re-radiation and convective dissipation are primarily 
responsible for the Tc-Ta value of a non-transpiring crop. Although 
O'Toole and Hatfield (1983) did not find that the lower limit was much 
affected by incorporation of windspeed, the multiple regression of Tc-Ta 
2 
on wind and VPD increased the R value from 0.19 to 0.37. This 
suggests that there was a significant wind effect on the well-watered 
alfalfa. This result could be interpreted as suggesting that crops 
with incomplete row cover may be strongly affected by wind, and not 
interpreted to mean that all CWSI baselines may be wind-affected. 
The alfalfa in this experiment never achieved complete row cover in 1983 
or 1984 because of its growth habit. On the other hand, soybean grown 
in the same container almost always achieved complete row cover 
(Carlson, R. E., 1986, Agronomy Department, Iowa State University, Ames, 
lA 50010, personal communication). But within a container, complete 
ground cover was achieved except for the most stressed treatment. 
The CWSI was less extreme when windspeed was incorporated 
into both upper and lower limits, particularly on very humid 
days, suggesting that in humid regions, it may be necessary to 
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Include other meteorological effects besides VPD, air temperature, and 
canopy temperature. 
Direct effects of windspeed on Tc-Ta indicated that the most highly 
continuously stressed treatment showed greater Tc-Ta modification with 
windspeed. Both negative and positive slopes were found. A negative 
slope indicated that the canopy became cooler as windspeed increased, 
while a positive slope indicated that the canopy became warmer as 
windspeed increased. This suggests that advected energy affected canopy 
temperatures. Notably, the air temperatures on days of positive slope 
(for T4) were among the higher air temperatures recorded. The results 
concur, at least tentatively, with theory which states that 
non-transpiring plants dissipate heat by re-radiation and convection. 
New research efforts should be directed toward better analysis of 
microclimatic effects on canopy temperature and related quantities 
(Tc-Ta, the CWSI baseline) throughout the growing season or crop growth 
cycle. Effects of canopy architecture and development on the CWSI 
baseline should be investigated to obtain better information for the 
early growth of the crop. A thorough analysis of rooting volume 
development under different soil-water conditions should be studied 
concurrently. 
Alfalfa yield and CWSI relationships during a growth cycle 
Water-deficit-stressed alfalfa yields can be modelled successfully 
using a canopy-temperature-based measure of plant water status called 
the Crop Water Stress Index (CWSI). During a growth cycle, the 
yield-CWSI relationship became more exponentially curvilinear with time. 
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Because the alfalfa was overwintered, the same plant population existed 
for 1983 and 1984. Water use, stress index, and yield data indicated 
that yields were lower overall in 1983 than in 1984 because the 1983 
alfalfa experienced more stress and not because it did not have the same 
yield potential as the 1984 alfalfa. 
The Tc-Ta relationship did not prove to be a good predictor of 
yield when 1983 and 1984 yield data were combined. Idso et al. (1981a) 
showed that the VPD normalization of Tc-Ta (the CWSI) effectively 
compensated for location differences in climate. The evidence of 
yield-CWSI curves from this experiment shows that the CWSI compensates fo 
climate differences between years. 
Further research efforts should be directed to further confirm the 
value of the CWSI in bridging the year-to-year or location climate 
differences for yield prediction of other crops. It may be possible to 
develop relationships for quality factors in crops, also. 
A CWSI-based yield model of water-deficit-stressed alfalfa 
The non-linear yield-stress-time model, could be a link between 
established irrigation scheduling schemes and prediction of yield, 
particularly under deficit irrigation or rainfed conditions. The model, 
as developed for alfalfa, does not contain information on early growth, 
nor does it account for regrowth or senescence. A thorough analysis of a 
complete growth cycle, including detailed growth analysis of regrowth 
and senescent plant parts would increase the potential utility of this 
model. 
The model as developed does indicate yields over a 3-week period 
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which in practice would be the time span for cutting alfalfa for hay. 
Use of forage quality knowledge would enhance the model's applicability. 
Growth analysis of water-deficit-stressed alfalfa 
Growth analysis of the water-deficit-stressed alfalfa showed that 
during the experimental period there were not many differences in 
relative growth rate, net assimilation rate, or other rate variables. 
Differences should mainly be seen in the early growing season, for which 
there is no data from this experiment. The model suggests, however, 
that if all treatments begin equally (with similar leaf area and total 
dry weight present), the least-stressed treatments will exhibit higher 
growth and assimilation rates. 
Stressed treatments tended to.have thicker leaves and higher leaf 
dry weight:total dry weight ratios than well-watered treatments. 
Stressed treatments also had more leaf area per unit total dry weight. 
A low leaf area:leaf dry weight ratio (thicker leaves) in combination 
with other factors suggests that stressed leaves were smaller 
per unit total dry weight yield than well-watered alfalfa leaves. 
Field observation tends to confirm this hypothesis. 
A detailed survey of changing leaf area over time with increasing 
stress would be very informative. More detailed analysis of the 
partitioning of dry matter and changes in leaf size and number would aid 
understanding of physiological changes when alfalfa is 
water-deficit-stressed, 
Stomatal conductance of water-deficit-stressed alfalfa 
Stomatal conductance can be measured directly with porometers. As 
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a tool for measuring plant-water status, the porometer is a better 
research tool than a practical application tool. However, the 
information gleaned can be valuable for Insight into physiological 
reactions to water-deficit-stress. It is well-known that stomata open 
and close in response to solar radiation levels and to plant-water 
status. Both responses were documented in the stomatal conductance data 
during a single day and through an irrigation cycle. The relationship 
of stomatal conductance and the CWSI depended heavily on number of days 
past irrigation. 
Perhaps most interesting was the analysis of adaxial (upper) and 
abaxial (lower) stomatal conductance. The data suggested that the ratio 
of upper and lower conductance changed with stress conditions and 
implied that the upper surface was more sensitive to changes in water 
status. Further documentation of this result would be very informative 
for other crops, also. 
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